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ABSTRACT
Unwanted noise is generated by the operation of heating, ventilation, 
and air conditioning (HVAC) systems in large buildings. The unwanted noise 
can be reduced by installing a passive silencer in the HVAC system. The 
ability to predict the performance criteria (insertion loss, regenerated sound 
power, and pressure drop) associated with a passive silencer is of great 
importance to the HVAC engineer. The purpose of this thesis is to predict 
the performance criteria listed above. Empirically derived regression 
equations are provided which calculate the performance criteria associated 
with 2ft X 2ft cross sectional area rectangular passive silencers for various 
internal geometries using either fiberglass or mineral wool linings. The 
performance criteria predicted by the regression equations is compared with 
the measured data; also, results are provided which display the effect the 
internal geometries and lining materials have on passive silencers performance
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CHAPTER 1
INTRODUCTION
Unwanted noise is generated by the operation of heating, ventilation, 
and air conditioning (HVAC) systems in large buildings. The problem of 
unwanted noise can be reduced by the installation of a device between the 
sound source and the receiver which attenuates sound. The device must 
attenuate sound while permitting air to flow through the HVAC system. 
Passive silencers are devices which meet the above criteria.
Passive silencers use area discontinuities and sound absorbing surfaces 
to attenuate unwanted noise (Figure 1). They are constructed from an outer 
shell of sheet metal and contain baffles filled with acoustical material such as 
fiberglass or mineral wool which are faced with a protective covering of 
perforated sheet metal. The area discontinuities at the beginning and end of 
baffles result in the reflection of unwanted noise toward the sound source, 
while the acoustical material in the baffles convert the unwanted noise into 
heat.
Passive silencer performance is quantified by 1) insertion loss, 2) 
regenerated sound power, and 3) pressure drop. The insertion loss of a silencer 
is defined as the difference in the sound pressure level at a specified point 
before and after a silencer is installed in a system. The regenerated sound 
power of a silencer is defined as the sound power associated with the
2Figure 1.1 - HVAC Passive Silencer
interaction o f the airflow with a silencer. The irreversible losses imposed on 
the airflow by the silencer is defined as the pressure drop across the silencer. 
The ability to predict the insertion loss, regenerated sound power, and pressure 
drop associated with a silencer permit the design o f more efficient silencers 
and facilitate the correct selection o f silencers for a given HVAC system.
31.1 PURPOSE AND SCOPE OF INVESTIGATION
The purpose o f this investigation is to predict the insertion loss, 
regenerated sound power, and pressure drop associated with passive silencer. 
Because o f the complexity and inaccuracy of predicting the insertion loss, 
regenerated sound power, and pressure drop of silencers using analytical 
methods, empirical methods were chosen. Three sets o f experiments were 
conducted to measure the insertion loss, regenerated sound power, and 
pressure drop associated with HVAC silencers. Regression analyses were 
conducted on the measured data and equations were developed which predict 
the performance criteria o f a silencer based on silencer properties, i.e. length, 
width, etc. The investigation is limited to rectangular silencers with outside 
cross sectional areas o f 2ft X 2ft and lengths which vary from 3 to 10ft.
1.2 REVIEW OF LITERATURE
Literature searches were conducted for each o f the three 
performance criteria. The section below describes the information associated 
with pressure drop, regenerated sound power, and insertion loss o f silencers.
A large amount o f literature concerning the insertion loss o f silencers 
was found.1-17 A fundamental presentation o f the analytical theory associated 
with the acoustics of ducts and mufflers is developed by Munjal.1 Munjal 
describes the solution of the wave equation for ducts with locally reactive 
lining; he also provides a method for calculating the specific acoustical 
impedance of a locally reactive lining. The original theory on the transmission 
o f sound in a lined duct was developed by Morse.2,3 Morse3 mathematically 
develops the solution of the transmission o f sound inside a duct with a locally
4reactive lining. Morse also supplies plots for determining the phase velocity 
and attenuation of the fundamental mode. Ver4 provides a historical review 
of the information of sound attenuation in lined and unlined ducts. Ver also 
provides a method for predicting the attenuation of a lined duct. Ver, Jones, 
and Bollinger5 develop an empirical method for predicting the attenuation of 
sound associated with lined rectangular sheet metal ducts. Davis develops an 
analytic solution to predict the transmission loss of an expansion chamber 
linedwithalocallyreactivelining.15 ASTM E477-90provides the requirements 
for acoustical and airflow performance testing of HVAC silencers.13 Wade 
describes the testing facility of the Ventilation and Acoustic Systems 
Technology Laboratory (VAST LAB).14
A limited amount of literature was found associated with the regenerated 
sound power of a silencer.1’23 Bies and Hanson23 provided expressions for 
aerodynamic monopole, dipole, and quadrupole sound sources. Bies and 
Hanson also presented an empirical equation, developed by Iqbal, for predicting 
the regenerated sound power of a silencer.23 Munjal also provided aregression 
equation which predicts the regenerated sound power of a silencer.1 The 
equations from references [1] and [23] do not take into account the airflow 
direction, i.e., forward or reverse airflow. The results of this investigation 
indicate that the regenerated sound power of a silencer is dependent on the 
airflow direction.
There was no information in the literature with regard to pressure drops 
across silencers; however, pressure drop information was available for varies 
duct elements.18,19,22 The pressure drop regression analysis relied on the 
experimental and analytical pressure drop coefficients provide by references
5[18], [19], and [22]. Fried and Idelchik18 developed empirical pressure drop 
coefficients for duct entrances and exits. The ASHRAE Fundamentals 
Handbook provided a friction factor for turbulent flow in a duct.22 Olsen and 
Reuben19 provided a pressure drop coefficient for a sudden exit expansion.
13 ORGANIZATION
The remainder of this thesis is organized into four sections: theory, 
experiment, discussion of results, and conclusion. The theory section describes 
the analytical theory associated with the insertion loss, regenerated sound 
power, and pressure drop of a silencer. The experiment section describes the 
facility and instrumentation used in each experiment. The section also 
describes the method used to determine the insertion loss, regenerated sound 
power, and pressure drop from the raw data. The discussion of results 
describes the regression equations derived from each experiment. The 
conclusion reiterates the main findings uncovered from the investigation.
CHAPTER 2
THEORY
The analytical theory associated with a silencer provides a fundamental 
understanding of the production of insertion loss, regenerated sound power, 
and pressure drop of a silencer. This understanding is essential in constructing 
a valid regression analysis. This section also explains the limitation of 
analytical theory for predicting the insertion loss, regenerated sound power, 
and pressure drop associated with a silencer.
2.1 INSERTION LOSS
The insertion loss section describes the analytical theory associated 
with sound propagation in silencers. The theory is based on Morse’s 
development in references [2] and [3] andMunjal's development in reference 
[1]. The section is organized into five segments: operating principles; 
propagation of sound in a lined duct with a stationary medium; propagation 
of sound in a lined duct with a moving medium; transmission loss of a silencer; 
and wall impedance of a silencer.
The following section assumes: 1) the medium is air, homogeneous,
and inviscid; 2) the sound waves are plane waves; 3) the pressure fluctuation
associated with the acoustical waves are small and harmonic; and 4) the wall
6
7lining is locally reactive and homogeneous.
2.1.1 Operating Principles
Porous sound absorbing linings and area discontinuities are the 
principle means of sound attenuation in silencers. Porous sound absorbing 
linings convert acoustical energy into heat. The lining's ability to convert 
acoustical energy into heat is a function of 1) the sound wave’s ability to 
penetrate the lining and 2) the friction caused by the flow constrictions in the 
material matrix. Area discontinuities produce impedance mismatching which 
results in the reflection of sound toward the source. In HVAC silencers the 
porous sound absorbing linings are the predominate form of sound attenuation.
Airflow inside a silencer also has an effect on the attenuation of sound. 
Airflow results in convection and refraction of sound waves. Airflow can also 
affect the acoustical performance of sound absorbing liners. For the low 
velocities associated with HVAC systems, the changes in the sound absorbing 
liners due to velocity are negligible and will not be discussed.1
The propagation of sound waves in a medium is relative to the particles 
in the medium. Therefore, if the medium is traveling at a uniform velocity, 
U, the wave’s propagation relative to the medium remains constant, c. 
Relative to a stationary frame of reference the wave is propagating at a 
velocity of U + c; this is defined as convection.
The convection effect increases or decreases the attenuation of sound 
in a silencer depending on the direction of the airflow. If the airflow opposes 
the wave propagation, the sound wave is in contact with the sound absorbing 
lining a longer time which results in a higher sound attenuation. If the airflow
8is in the same direction as the wave propagation, the sound wave is in contact 
with the sound absorbing lining a shorter time, results in a lower sound 
attenuation.
The refraction effect also increases or decreases the attenuation of 
sound in the silencer, depending on the direction of the airflow. If the airflow 
is in the same direction as the wave propagation, the sound wave is refracted 
into the lining and the attenuation increases. The relative wave speed is 
greater in the center of the silencer then at the walls of silencer which results 
in the refraction of the sound wave into the lining. If the airflow opposes the 
wave propagation, the sound wave is refracted into the center of the silencer 
and the attenuation decreases. The relative wave speed is greater at the walls 
of the silencer which results in the refraction of the sound wave into the center 
of the silencer.
Convection and refraction affects the attenuation of silencers over 
differing frequency ranges. Convection affects are important at low 
frequencies, while refraction effects becomes significant at high frequencies.25
2.1.2 Propagation of Sound in a Lined Duct with
Stationary Medium
The 3-D wave equation associated with a stationary medium in a duct 
with absorbent lining is derived below from the linearized mass continuity, 
momentum, and speed of sound equations.
3 0Mass Continuity: pGVu +  —— = 0 (2.1)o t
Momentum: po^  + VP = 0 (2.2)
9Speed of Sound:
3 p _ J_ 3_P 
9 t "  c20 3 t (2.3)
where po (lbm/ft3 or kg/m3) is the ambient density, p (lbm/ft3 or kg/m3) is 
the fluctuation density, P (lb/ft2 or N/m2) is the fluctuation pressure, co(ft/ 
s or m/s) is the speed of sound in air, and u  (ft/s or m/s) is the particle velocity. 
The wave equation is achieved by substituting equation (2.3) into (2.1) and 
removing u. Velocity, u, is removed by differentiating (2.1) with respect 
to time and differentiating (2.2) with respect to V> and subtracting the two 
equations. The result is the wave equation with respect to pressure.
The solution of the 3-D wave equation is found, through the separation of
Wave Equation: - c 2V2 P = 0 (2.4)
z
Figjire 2.1 - Rectangular Duct
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variables, i.e.,
P(x,y,2,t)=(c1e-jk*z+C2eik*z) (e^ *  +C^^e^y +C4ejk?y jeJ01 (2.5)
with the compatibility condition
k2+k2+kz2 = k2 (2.6)
where ko = co/co (rad/ft or rad/m) and CO (rad/s) is angular frequency.
The boundary conditions for the problem are based on the assumption 
that the displacement of a fluid particle at the wall is the same as the 
displacement of the wall.1 If r\ is defined as the wall displacement in the 
x-direction then,
P _ 3r|
Z\vx ^ t
(2.7)“ WX
and
3r|
Ux = 3T (2.8) 
where Zwx (lbf-s/in5 or N-s/m5(MKS rayls/m2)) is the homogeneous locally 
reacting wall impedance. Using equations (2.6) and (2.7), the following 
boundary conditions are obtained (Figure 2.1).
P(0,y,z,t) _ P(b,y,z,t)
-u x(0,y,z,t) -u x(b,y,z,t) wx (2’9)
P(x,0,z,t) _ P(x,h,z,t)
-u y(x,0,z,t) -u y(x,h,z,t) wy (2 .10)
The momentum equation, (2.3), relates the pressure and particle velocity.
- d ? / .- d ? /
Ux =  ----- ^  U y =   £2 1 . ( 2 . 1 1 )
Substituting the solution of the wave equation into the above boundary 
conditions yields
11
x = 0 
x = b
y = o
y = h
= zap0(l + C3) -kx(l-C3)
coPo e-j^ b + C3e ^ b _
kx ejkxb _c3ejk‘b= Z„
cpp0(H-C4)= Zwy~ky(l-C 4)
rap0 e " y + C4e 
-ky e-jkyh_c4ejkyh ^
- j k yh J k y h
= Z,
(2 .12)
(2.13)
(2.14)
(2.15)
Solving for C3 in equation (2.12) and substituting in equation (2.13), after 
simplification, results in the following two eigenvalue equations.
^wx^x(n) _ . kx(n)b
capo
• = jcot
= -j tan'kx(n)b ' (2.16)
A similar analysis in the y-direction results in the following eigenvalue 
equations.
©Po
= jcot
= -jtan Ly(n)
\
/
hN
/
(2.17)
Each direction has two eigenvalue equations. The first eigenvalue 
equation in each direction represents the symmetric modes of propagation 
while the second eigenvalue equation represents the asymmetric modes of 
propagation. This is shown by letting the wall impedance equal infinity. 
When this is done the first eigenvalue equation results in the following series.
The second eigenvalue equation results in the following series.
7T 3ir 5tt
The first value in the series of the first eigenvalue equation represents 
the fundamental propagating mode which is associated with plane wave 
propagation. The fundamental propagating mode is the least attenuated 
mode and the mode of interest in this development. Therefore, the first 
eigenvalue equation must be solved for the fundamental eigenvalue. Because 
the eigenvalue equation is a transcendental equation, a numerical method, 
such as the Newton-Raphson method, must be employed to solve for the 
fundamental eigenvalue.
The propagation constant of the fundamental mode is now determined 
from the fundamental eigenvalues in the x and y direction. The propagation 
constant is defined as kz and is determined by substituting kx and ky into the 
compatibility equation.
The pressure distribution of the fundamental mode inside a lined duct with 
a stationary medium is defined as
(2 .18)
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2.1.3 Propagation of Sound in a Lined Duct With 
Moving Medium
The development of the wave equation associated with a moving 
medium in a duct with absorbent lining is similar to the previous development 
with a stationary medium. The linearized mass continuity, momentum, and 
speed of sound equations are again used in the derivation of the wave 
equation.
and U is the medium velocity, (ft/s or m/s). It is assumed that the medium 
velocity is steady state and the velocity is uniform over the cross section of 
the duct.
The wave equation is derived, with respect to pressure, by performing 
the same operations as in the previous section. The wave equation with a 
moving medium is
The solution to the 3-D wave equation is found, through the separation 
variables, to be
Mass Continuity: p0Vu+— = 0 Ko Dt (2 .20)
Momentum: (2 .21)
D p _ 1 DP
Speed of Sound: c2 p>t
o
(2 .22)
where D/Dt is
Dt 9 t 9 z
(2.23)
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P(x,y,z,t) = rC ie-ik-2 + C2eik^ l(e -Jk>x +C3ejk«’:)
x(e-jk' y +C4ejk’y)eJ“  (2.25)
The compatibility conditions becomes
(k0 +Mkz)2 = kx +ky + kz (2.26)
where M is the Mach number, U/c .O
The boundary conditions for the problem are based on the assumption 
that the displacement of a fluid particle at the wall is the same as the 
displacement of the wall.1 IfT} is defined as the displacement in the x-direction 
then,
P 9 ti
z ~ =T T  <2-27>■^wx ° 1
and
Dt|
ux = - ^  (2.28)
Substituting the equations (2.27) and (2.28) together results in the following 
boundary conditions.
DP(0,y,z,t)/ DP(b,y,z,t)/
/D t  _________/D t _
-3 ux(0,y,z,t))/  3ux(b ,y ,z ,t)/ ^  (2.29)= Z„
3t
DP(x,0,z,t)/ DP(x,h,z,t)/
/D t  _________ /Dt _■
-9 uy(x,0,z,t) /  9 uy(x,h,z,t)/  Zwv (2.30)
/31  /31
If the same operations are preformed on the above boundary conditions as 
in the previous section, the eigenvalue equations in the x and y directions 
become
15
Z k* w* x(n)
Poc o^-o
= jcot
uv  
kx(»)b Mk1+ - z(n)
= -jtan
( \  ±  U V
x(n) Mk1_  z(n)
7  k *  ^  y(n)
Poc o^-o
=  jcot
f  •+• \ /
k*»)h 1+
+  \ 2 
“ *■>
(2.31)
= -jtan
f y± uV
ky(n)h 1+ < ( » ) (2.32)
The + or - superscript indicates if the wave is propagating with the flow or 
opposing the flow. As in the previous section, the fundamental mode is 
represented by the first value of the first eigenvalue equation. Again the 
eigenvalue equation is a transcendental equation, but the equation also has 
two unknowns. Therefore, a second equation is needed to solve the 
eigenvalue problem. The compatibility equation, solved for kz(Q , is used as 
the second equation.
f  /  _ \ \0 .5
+M k0 +
k*ziO)
kH l - M 2) (k±0)) + (k * 0))
(2.33)
1-M
Therefore, the pressure distribution of a lined duct for the fundamental mode 
propagating in the direction of the moving medium is defined as
P+ (x, y, z, t) = Cj { e~jk*x + c£ejk*x Y  e“jk*y + C}ejk*y'
x  e -jk^ze jcot (2.34)
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The constants C3 and C4 are defined as
(2.35)
2
2 (2.36)
The pressure distribution of a sound wave opposing the moving medium is 
the same as equation (2.34) with the exception that the superscripts are 
negative.
Transmission loss is defined as the ratio of sound power incident on 
a silencer to the sound power transmitted through the silencer. The insertion 
loss associated with a silencer is defined as the difference between the sound 
pressure level at one point in space before and after a silencer is installed 
between a noise source and a receiver. If the input and termination 
impedances are approximately, pQco, the following relationship exists between 
transmission loss (TL) and insertion loss (IL) 16
Unfortunately the input and termination impedances in most acoustical 
systems are unknown.
The transmission loss of a silencer is a function of both area 
discontinuities and wall linings. The transmission loss associated with the 
lining is derived below, while the transmission loss associated with the
2.1.4 Transmission Loss
IL-TL
17
combined effect is determined using an equation derived by Davis. 16
Transmission loss associated with the forward traveling plane wave 
is defined mathematically in decibels as
TL= lOlog
vWt y (2.37)
where W. (in-lb^s or Watts) is the incident sound power and Wt (in-lb/s or 
Watts) is the transmitted sound power (Figure 2.2). Sound power is defined 
as
W = IS (2.38)
where I (in lb/s in2) is intensity and S (ft2 or m2) is the total surface area. The 
following relationship between intensity and sound pressure holds for 
positive traveling sound waves17
J =  nns
Poc o
(2.39)
Substituting equation (2.39) into equation (2.38) and finally into equation
(2.37) results in
^pfs.
TL = lOlog Poc o
Pt2S.
Poc o
(2.40)
Where P. is the incident root mean squared sound pressure and Pt is the 
transmitted root mean squared sound pressure. If, pQco, and S are constant 
then equation (2.40) becomes
TL = lOlog
f  ^  P.2i
P2v t y
= 201og Pi (2.41)
The transmission loss associated with a lined duct, Figure 2.2, is determined
18
by substituting the pressure distribution equation (2.34) in equation (2.41) 
for z=0  and z=l.
J k 2l
TLj = 201og
Simplifying yields
TLj = 201og (
Letting the propagation constant, kz, equal 
kz = P —jot 
where a  is the attenuation constant 
a  = -Im(kz)
P+ (x ,y ,z ,t)  = C 1fe-Jk>  + C ^ X) V ^ + c t ^ '
v y
P+ (x ,y ,z 5t) =  C1f e “Jk^ + C j e ^ ^ > i k; y + c j e jk>y '
v y
(2.42)
(2.43)
(2.44)
W., P.
z =
z = o
Figure 2.2 - Transmission Loss of a Silencer
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and substituting equation (2.43) into (2.42) results in
TL] = 201og (2.44)
Noting that the absolute value of a complex exponential function is real, then 
the transmission loss associated with the lining is
TL, = 201og(eal) = 8.68al (2.45)
The transmission loss associated with both lining and area discontinuities 
has been derive by Davis.16
\2
TL = lOlog 1( 1 "lcosh(od)+ — m + — sinh(al) 2 \  m
cos' ( M
sinh(ctl) + — m+ —
V m ;
cosh(cd) • 2sin ( M (2.46)
where m is the area ratio between the lined and unlined duct section; ko (rad/ 
ft or rad/m) is co/co, 1 (ft or m) is the silencer length, and a  (rad/ft or rad/m) 
is the attenuation constant.
Figure 2.3 shows the transmission loss associated with equation (2.45)
10
o  — Lining
•  — Expansion Chamber
i
£
0.1
0.01 0.1 1 4
Duct Width/ Wave Length
Figure 2.3 - Comparison of Lining and Expansion Chamber Transmission 
Loss
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and equation (2.46). A fifty percent open area silencer was used for Figure 
2.3, while 1 and a  remained constant for each equation. The figure shows 
that the lining has the major effect on the transmission loss of a silencer.
The lining impedance, Zw, must be known before the transcendental 
equations (2.16), (2.17), (2.31), and (2.32), which lead to the calculation of 
the transmission loss of a silencer, can be solved. Two steps are required 
for calculating the lining impedance. The first step consists of calculating 
the bulk characteristic impedance and propagation constant of the absorbent 
material. The second step is to calculate the specific acoustical impedance 
associated with the wall linings at varies cavity depths (Figure 2.4).
The following equations are used to calculate the bulk characteristic 
impedance and propagation constant for an acoustically absorbent material1
where po (kg/m3) is the density of air, co (m/s) is the speed of sound in air, 
R (MKS rayls/m) is the flow resistance of the bulk material, <y is the porosity 
of the bulk material (usually 0.9<a<l), % is the structural factor of the bulk 
material (usually 1<%<3), ko (rad/m) is the wave number, co/co, and Zo (MKS 
rayls/m2) is the characteristic impedance of air, poco.
The specific acoustical impedance of a material at any point is defined
2.1.5 Wall Impedance
(2.48)
(2.47)
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P(x), u(x)
x=0 X = 1
Figure 2.4 - Locally Reactive Lining
as (Figure 2.4),
-'w(x) ~
P(X)
u(x) (2.49)
For a locally reactive material, P(x) and u(x) are the pressure and velocity 
distributions associated with the 1-D wave equation or,
P(x) = Ae- jkt,x + Be-*kbX 
u(x) = —  (Ae-jk»x-B ejkbx)
The specific impedance at x = 0 is defined as
^A + B^
z w(0) -  z t A -B (2.50)
The specific impedance at x = 1 is defined as
22
z w (l) “  Z t
^ A e ^ B e W ^
^ A e ^ - B e * * - 1,
=  Zv
'  A + B . „  1N ^-^ —^ -jtan(kbl)
1 .A + B ..I - j  tan(kbl)
A -B  b
(2.51)
Substituting equation (2.50) into equation (2.51) results in
Zw(0) - jZ btan(kbl)
w (1)  -------- 7 -----------------------
l - j ^ t a n ( k bl) (2-52)
z b
solving for Zw(0)
„  Zw(i)+jZbtan(kbl)
z w(0) ~ ----------7 -------------------
l + j ±w(D.tan(kbl) (2-53)
Zb
If the termination is rigid, V(l) —» 0 which results in Zw(j) —> °°. The metal 
casing of a silencer can be considered as rigid. Therefore, the specific lining 
impedance is defined as
Zw(0) = - jZ bcot(kbl) (2.54)
2.2 REGENERATED SOUND POWER
The regenerated sound power of a silencer is defined as the sound 
power associated with the interaction of the air flow with a silencer. 
Regenerated sound power is produced in silencers through the unsteady 
introduction of mass, force, and shear stress in the system. Aerodynamic 
monopole, dipole, and quadrupole sound sources describe the effects of 
unsteady mass, force, and shear stresses, respectfully, in a system. The 
aerodynamic models are discussed in the sections below.
23
2.2.1 Aerodynamic Monopole Sources
Aerodynamic monopole sound sources are associated with an unsteady 
introduction of mass into a fluid. The ejection of air through a duct and an 
unsteady combustion process are examples of monopole sources.24 The 
sound power associated with an aerodynamic monopole sound source is 
derived below.
Mathematically the monopole sound source is the solution of the 
spherical wave equation as a function of the radial direction. The sound 
power associated with a monopole source is defined as17
W  . QL Po^o^a2
<2-55>o
where (in3/s or m3/s) is the source strength, 4a2{ u2 }°-5, u (ft/s or m/s)
is the surface velocity of the sphere, ko (rad/ft or rad/m) is the wave number, 
a (ft or m) is the radius of the sphere, po (lbm/ft3 or kg/m3)is the density of 
the medium, and co (ft/s or m/s) is the speed sound in the medium. If the 
monopole sound source is taken to be small compared with the wavelength 
of the radiated sound, the monopole sound source can be considered as a 
point source. As, a, goes to zero the sound power of the monopole point 
source becomes
W -  QrmsPoCok0
W™ ^ -----  (2.56)
The source strength for an aerodynamic sound source, such as the 
ejection of air through a duct, is proportional to the area of the duct, S-(ft2 
or m2), times the local velocity of the air flow, U-(ft/s or m/s). The angular 
frequency for the aerodynamic source is proportional to the local velocity
24
divided by a characteristic dimension of the duct.23 Substituting the 
relationships of source strength, Q oc SU, and frequency, co2 oe U2/S, into 
equation (2.56) results in
co
Therefore, the sound power associated with an aerodynamic monopole 
sound source is a function of cross sectional area and the fourth power of 
velocity.
2.2.2 Aerodynamic Dipole Sources
Aerodynamic dipole sound sources are associated with unsteady 
forces induced on a solid object. The sound power generated by the unsteady 
shedding of vorticities from an airfoil is an example of a dipole sound source.24 
The sound power associated with an aerodynamic dipole sound source is 
derived below.
The dipole sound source is described mathematically as the solution 
of the spherical wave equation as a function of the radial and tangential 
directions. If the dipole source is small compared with the wavelength of the 
radiated sound, it can be considered as a point source. The sound power 
associated with a point dipole source is defined as23 
ft>c0k4SQjLWd = — --------------------------------------------------------- (2.58)
3tc
Substituting the relationship for the source strength and angular frequency 
for an aerodynamic dipole source into equation (2.58) results in
25
(2.59)
Therefore, the sound power of an aerodynamic dipole source is a function 
of the cross sectional area and the sixth power of velocity.
Aerodynamic quadrupole sound sources are associated with the shear 
stresses induced on a fluid. The sound produced from a jet engine is an 
example of a quadrupole sound source.24 The sound power associated with 
an aerodynamic quadrupole sound source is derived below.
Mathematically the quadrupole sound source is the solution of the 
spherical wave equation as a function of the three independent spherical 
coordinates. Again, if the source is considered small with respect to the 
radiated sound it may be taken as a point source. The sound power associated 
with a point lateral quadrupole is defined as23
Substituting the values of an aerodynamic source strength and frequency into 
equation (2.60) results in
Therefore, the sound power associated with an aerodynamic point quadrupole 
source is a function of surface area and the eighth power of velocity.
2.2.3 Aerodynamic Quadrupole Source
, foCpgl^SQ^ ) 2 
q 157C
2.60
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Figure 2.5 - Mitered Bend
2.2.4 Combination of Aerodynamic Sound Sources
Regenerated sound power can arise as a combination of aerodynamic 
monopole, dipole, and quadrupole sound sources. Reference [23] provides 
an example of the regenerated sound power of a mitered bend as a 
combination of aerodynamic dipole and quadrupole sound sources (Figure 
2.5). How separation occurs at the inner and outer comer of the mitered 
bend. The point of reattachment of the inner comer results in an unstable 
drag force on the fluid. The unstable drag force at the point of reattachment 
is modeled as an aerodynamic dipole sound source. The point of reattachment 
of the outer comer results in unstable shear stresses on the fluid. The unstable 
shears stresses at the point of reattachment is modeled as an aerodynamic 
quadrupole sound source. The above example shows how the regenerated 
sound power of a mitered bend is the result of a combination of aerodynamic 
sources. Since the regenerated sound power of a disturbance may be
27
modeled as a combination of any of the aerodynamic sound sources, it is 
difficult to derive a closed form analytical solution for regenerated sound 
power.
2.3 PRESSURE DROP
The pressure drop in a silencer can be described by its kinetic and 
potential energies at two points. If the flow is fully developed, steady, and 
incompressible, Bernoulli’s equation can be used to determine the pressure 
drop between two points, or
p u ?  p U 2
Pj h h YXl = P2 H  ^YX2 (2.62)
2 2
where Pa and P2 (lb/ft2 or N/m2) are the static pressures at points 1 and 2, 
Yj and Y2 (in or m) are the elevations at points 1 and 2, U x and U2 (ft/s or 
m/s) are the flow velocities at points 1 and2 ,p  (lbm/ft3 or kg/m3) is the density 
of the fluid, y  (lbm/ft2s2 or kg/m2s2) is the specific weight of the fluid, and 
huj. (lb/ft2 or N/m2) is the pressure loss between points 1 and 2. The potential 
energy of the flow is associated with the static pressure and the elevation; the 
kinetic energy is associated with the velocity pressure.
The pressure drop in a silencer is associated with three silencer 
elements: 1) entrance, 2) length, and 3) exit. The entrance and exit pressure 
drops are termed form losses because they are produced from flow 
separation. These pressure drops are a function of velocity pressure and a 
loss coefficient. The length pressure drop is associated with wall shear and 
is termed frictional losses. The frictional losses are a function of the silencer 
length, hydraulic diameter, velocity, and friction factor. The hydraulic
28
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Vena Contracta
Figure 2.6 - Vena Contracta
diameter, DH, of a duct element is defined as
(2.63)
where A (ft2 or m2) is the duct element cross-sectional area and P (ft or m) 
is the length of the duct element perimeter.
The silencer entrance contracts the air flow from the duct section 
upstream of the silencer. When the flow is contracted, its velocity increases 
and the corresponding static pressure decreases. As the flow proceeds 
through the constriction of the silencer entrance, the air flow is contracted 
to a dimension smaller then the inside dimension of the silencer. This is called 
the vena contracta. The entrance pressure drop is caused by air flow 
separation between the area of the vena contracta and the silencer wall. The 
flow separation between the vena contracta and the silencer walls leads to 
the formation of eddies and resulting pressure drop (Figure 2.6).
The magnitude of the silencer entrance pressure drop is a function of 
the open face area of the silencer entrance, the area of the silencer air passage, 
the hydraulic diameter of the silencer air passage, the radius of curvature of
2.3.1 Silencer Entrance Losses
Figure 2.7 - Silencer Entrance
the entrance of the silencer, and the air flow velocity in the silencer air passage 
(Figure 2.7). Reference [18] provides an empirically derived chart for 
determining the pressure drop caused by an abrupt contraction in a duct. The 
pressure drop, h , is given by
h„ = K, pUJ (2.64)
U (ft/s or m/s) is the air flow velocity in the silencer air passage, p (lbm/ft3 
or kg/m3) is the density of air, and K is
Kc = 0.266-1.594-
Dh(s)
-+3.10'
r
r \2
OHCs)
-1.82
r
r * -|0.75
i - M
Ad. (2.65)
where r (ft or m) is the radius of curvature of the silencer entrance, As (ft2 
or m2) is the open face area of the silencer entrance, Ad (ft2 or m2) is the area 
of the silencer air passage, and DH(s) (ft or m) is the hydraulic diameter of the 
silencer air passage. The equation describing, Kc, is a regression equation 
derived from reference [18] for turbulent flow. The limits of the regression 
equation are given below.
30
when — - — > 0. 2 , 
d H ( s )
(2 .66)
0 .7 5
Kc =0.03 1-
when
d H ( s)
(2.67)
-i0 .75
Kc =0.5 1-
2.3.2 Silencer Friction Losses
The friction losses in a fully developed steady flow in a straight duct 
are caused by the shear forces at the duct wall's viscous boundary layer. The 
pressure drop, h^ in a silencer associated with the shear forces at the silencer 
walls can be determined by the Darcey-Weisbach equation [21], or
where L (ft or m) is the silencer length, DH(s) (ft or m) is the hydraulic diameter 
of the silencer passage, U (ft/s or m/s) is the air flow velocity in the silencer 
air passage, p (lbm/ft3 or kg/m3) is the density of air, and Kf is the friction 
factor. The frictional factor for turbulent flow in a duct or silencer section 
is given by22
0.25
(2.69)
where e (ft or m) is the pipe roughness and Re is Reynolds number. For small 
Reynolds numbers, the flow is laminar and the boundary layer at the silencer
Figure 2.8 - Flow Stagnation at Silencer Exit
wall is thick. The thick boundary layer submerges the wall projections and 
the friction factor is primarily a function of the Reynolds number. For large 
Reynolds numbers, the flow is turbulent and the boundary layer at the silencer 
wall is thin. The thin boundary layer exposes the wall projections to the flow 
and the friction factor becomes dominated by the duct roughness.
2.3.3 Silencer Exit Expansion Losses
At the silencer exit expansion, the air flow velocity decreases and the 
corresponding static pressure increases. The increase in static pressure at the 
walls of the silencer exit expansion results in flow stagnation. The flow 
stagnation causes flow separation which produces eddies and a corresponding 
pressure drop (Figure 2.8). The optimum angle of divergence for a diffuser 
section with stepped sides is around 7° to 8°. If the angle is less than this, 
wall friction will be large. If the angle is greater than this, separation occurs. 19
Reference [18] provides an empirically derived chart for determining 
the loss coefficient associated with an expansion in one plane at the optimum 
angle of 7° to 8° with stepped walls at the end of the expansion (Figure 2.9). 
The optimum angle for the stepped wall expansion is given as a function of
32
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Figure 2.9 - Tapered Expansion at Silencer Exit
the ratio of the tapered length divided by the hydraulic diameter of the silencer 
open face exit area. The pressure drop, he, associated with a tapered silencer 
exit expansion is given by
(2.70)
U (ft/s or m/s) is the air flow velocity in the silencer air passage, p (lbm/ft3 
or kg/m3) is the density of air, and Ke is
Wa T Wd i 2Ke = 0.0825+0.065—^—0.0043
Ws _ws _
-0 .0 5 2 8 ^  + 0.0060 
Wc
L, 2 Lt-0.0002
Lw s J Lw sJ
(2.71)
where Ws (ft or m) is the width of the silencer air passage, Wd (ft or m) is 
the width of the silencer open face exit area, and Lt (ft or m) is the length of
taper. The equation describing, Ke, is a regression equation derived from 
reference [ 18] for turbulent flow. The limits of the equation are given below.
1 . 5 < ^ - < 4 .0 (2.72)
33
0.5 < -^ -  
W„ (2.73)
when W,
Ke =0.11 (2.74)
Reference [19] gives the loss coefficient for a stepped silencer exit 
expansion (Figure 2.8), or
Ke = 1-
' A , '
VA d )
i2
(2.75)
where As (ft2 or m2) is the area of the silencer air passage, and Ad (ft2 or m2) 
is the area of the silencer open-face exit area.
CHAPTER 3
EXPERIMENT
Experiments were constructed to measure the insertion loss, regenerated 
sound power, and pressure drop associated with ETVAC silencers. The 
experiments were conducted at UNLV’s Ventilation and Acoustic Systems 
Technology laboratory (VAST LAB) from April 1991 to July 1992 on 40 
silencers. All silencers tested were rectangular with a 2ft X 2ft outside cross 
section. The silencers had one or two internal passages and lengths that varied 
from 3ft to 10ft. The wall linings of the silencers were either mineral wool or 
fiberglass with a 22 gauge perforated facing sheet with 23% open area. The 
silencers tested had one of three internal geometries (Figure 3.1): 1) the inside 
walls were straight with stepped sides at the termination of the silencer; 2 ) the 
inside walls were straight until approximately 9 in. from the termination length 
of the silencer where the walls expanded in one plane the remaining length of 
the silencer with stepped walls at the termination of the silencer; and 3) the 
inside walls expanded in one plane the entire length of the silencer with 
stepped walls at the termination of the silencer.
Tests were performed on 18 straight walled silencers. The straight- 
walled silencers had one internal passage and lengths that varied from 3 to 10
ft. The percent open area of the silencers ranged from 20.7 to 50.2%.
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Entrance Straight Walled Silencer Exit
Entrance Full-Tapered Silencer
F igure 3.1 - Internal Geometries of Silencers
Tests were performed on 12 end-tapered silencers. The end-tapered 
silencers had one or two internal passages and lengths that varied from 3 to 10 
ft. The percent open area of the silencers ranged from 23.8 to 55.5%. The 
length of the tapers were approximately 9 inches for each silencer and the 
angle of tapers ranged from 7° to 10°.
Tests were performed on 10 full-tapered silencers. The full-tapered 
silencers had one or two internal passages and lengths that varied from 3 to 10
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ft. The percent open area of the silencers ranged from 16.7 to 62.5%. The taper 
angles ranged from to 0.7° to 5°.
The remainder of the section describes the testing facility, the insertion 
loss experiment, the regenerated sound power experiment, the pressure drop 
experiment, and specific acoustical impedance measurements.
3.1 FA C ILITY
A closed recirculating air system was used in the testing of the silencers. 
The air handling system consisted of 1) fans, 2) plenum chambers, 3) duct 
system, and 4) reverberation room (Figure 3.2).
F an  Room : T wo Joy, adjustable-pitch, variable-speed, vane axial fans 6ft in 
diameter were used. The air flow capability of the fans can be varied from a 
minimum of 1,000 cfm to a maximum of 60,000 cfm. Four inches of HzO is 
the maximum static pressure for the fans.
Plenum  C ham ber: Each fan terminated into a plenum chambers with a 1 Oft 
silencer bank. The function of the plenum chambers is to minimize fan 
generated noise. The minimization of fan noise is important in acoustical 
testing.
D uct System: A 90 ft supply duct connects the supply fan and plenum 
chamber to the reverberation room. An equal length return air duct connects 
the reverberation room to the return air fan and plenum chamber. The 10 ft 
test sections are 50 ft from both the supply and exhaust plenum chambers. 
Therefore, the entrances of the test sections are 50 ft from the fans plenums 
and the termination of the test section is 30 ft from the reverberation room. The 
test section is located more than 10 diameters up or downstream of any flow
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Figure 3.2 - Silencer Testing Facility in VAST LAB
disturbance. This allows the flow to be fully developed when reaching the 
silencer.
R everberation  Room: A 9,400 ft3 reverberation room is used for acoustical 
testing at VAST LAB. A turning vane is used for braking up low-frequency 
standing modes in the room. The turning vane was essential for room 
qualification. The room is qualified per ANSI Standard S I2.31 and ANSI 
standard S 12.32.
A further explanation of the testing facility at VAST LAB can be found in 
reference [14].
38
32, INSERTION LOSS
The insertion loss of a silencer is defined as the difference between the 
sound pressure level at a specific point before and after the silencer is installed 
into a duct system. The calculation of the insertion loss of a silencer with zero 
flow velocity requires two tests:
1) A sound pressure measurement with the empty test section 
and sound source on.
2) A sound pressure measurement with the silencer installed
in test section and sound source on.
The difference between the pressure level measurements from test 1 and 2 
results in the insertion loss of the silencer.
Flow generated noise is produced when air flows through the silencer. 
The flow generated noise interfers with the insertion loss measurements; 
therefore, a correction is needed before the insertion loss can be determined. 
The correction process requires four tests:
1) A sound pressure level measurement with the empty test section and
sound source off.
2) A sound pressure level measurement with the empty test section and
sound source on.
3) A sound pressure level measurement with the silencer installed and
sound source off.
4) A sound pressure level measurement with the silencer installed and
sound source on.
The four tests provide the information needed to remove the flow generated 
noise from the insertion loss to be calculated. In order to calculate the insertion
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loss, the corrected sound pressure level of the sound source with the empty test 
section and the corrected sound pressure level with the silencer must be 
calculated. The corrected sound pressure level of the sound source with the 
empty test section uses the following equations:14
Lp(N) = 10Log(l0Lp(N+BG)/1° -  ioLP(BG)/10) (3 . i)
when 1 < Lp(N + BG)-Lp(BG)<10dB
Lp(N) = Lp(N + BG) -  9 dB (3.2)
when Lp(N + BG) - Lp(BG) < 1 dB
Lp(N) = Lp(N + BG) (3.3)
when Lp(N + BG) - Lp(BG) > 10 dB
where Lp(N) is the corrected sound pressure level of the sound source with 
empty test section; Lp(BG) is the sound pressure level of the empty test section 
(sound source off) and airflow; and Lp(BG+N) is the sound pressure level of 
the empty test section (sound source on) and airflow. The corrected sound 
pressure level of the sound source with silencer installed was achieved by 
logarithmically subtracting the measured sound pressure levels with airflow 
(sound source on), Lp(SFN), from the measured sound pressure levels with 
airflow (sound source off), Lp(SF), or
Lp(S) = 10Log(l0Lp(SFN)/10 -  10Lp<SF>/10)
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The insertion loss is then calculated by subtracting the corrected sound 
pressure level of the sound source with the empty test section, Lp(N), from the 
corrected sound pressure level of the sound source with silencer installed, 
Lp(S), or14
IL = Lp(N) -  Lp(S) (3.5)
In order to conduct reliable insertion loss experiments stationary and 
spatially independent sound pressure measurements are required. The first 
requirement was met by time averaging the sound pressure measurements for 
a 30 second duration. By conducting the experiment in the reverberation room 
with a microphone traversing mechanism and turning vane, each rotating at 2 
rpm, the second requirement was met. More information on the design of the 
microphone traversing mechanism and turning vane is contained in reference 
[14].
Two groups of instruments were required to preform the insertion loss 
experiments: 1) sound generation devices and 2 ) pressure measurement 
devices. The sound generation devices are described below:
P ink Noise G enerator: AIE-20B pink noise generator was used to construct 
the input signal. Pink noise provides a flat spectrum over a 1/3 octave band 
frequency spectrum.
Equalizer: A Yamaha Graphic Equalizer GQ103113 is used to sculpt the 
signal from the pink noise generator.
Cross-O ver N etw ork: The signal from the equalizer is sent to a Range AC 
23 Active Crossover Network which limits the frequency range for the low,
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mid, and high frequency range speakers.
A m plifiers: A Yamaha Pb 25000 1000 watt amplifier supplied power to the 
mid-range and low range speakers. A realistic MPA-90 100 watt amplifier 
supplies power to the high range speakers.
Speakers: One set of speakers was located 5 feet from the test section. The 
speaker set consisted of:
1) One 18 inch diameter sub-woofer with a frequency range of 
40 to 300Hz
2) One 10 inch diameter mid-range speaker with a frequency 
range of 300 to 7000Hz
3) One tweeter with a frequency range of 7000 to 12000Hz
The interconnection of the sound generating instrumentation is shown in 
Figure 3.3.
The sound pressure measurement instruments are described below: 
M icrophone: Sound pressure measurements were made with an ACO 7046 
No 9582 microphone. Power was supplied to the microphone by a Neutrils 
#9171-1 power supply.
Real Tim e Analyzer: A Genrad 1995 Integrating Real-Time Analyzer was 
used for processing the input signal from the microphone. The input signal 
was time averaged for 30 seconds and band passed filtered into 1/3 octave 
band frequencies.
C om puter C ontrol: A HP-IB (IEEE) card was used to control the real time 
analyzer through a Franklin 286 computer.
The interconnection of the pressure measurement instrumentation is shown i n ----
Figure 3.4.
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3 3  REGENERATED SOUND POW ER
Regenerated sound power is associated with fluid flow disturbances 
that produce noise. In order to measure the regenerated noise level of a silencer 
two tests are needed:
1) Sound pressure measurements with empty test section and airflow.
2) Sound pressure measurements with silencer and airflow.
The following equations calculate the regenerated noise of a silencer using the 
measured sound pressure levels from the two tests listed above.14
Lp(R) = 10Log(l0Lp(SF)/1° -  10LP(F>/10) (3.6)
when 1 < Lp(SF) - Lp(F) < 10 dB
Lp(R) = Lp(SF)-9 dB (3.7)
when Lp(SF) - Lp(F) < 1 dB
Lp(R) = Lp(SF) (3.8)
when Lp(SF) - Lp(F) > 10 dB
where Lp(R) is the regenerated noise; Lp(SF) is sound pressure level with 
silencer and airflow; and Lp(F) is the sound pressure level with empty test 
section and airflow.
The regenerated sound power of a silencer is determined by both the 
regenerated noise measurement and also the acoustic properties of the 
reverberation room. The direct method uses both the regenerated noise and 
the acoustic properties of the reverberation room in the following equation to
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calculate the regenerated sound power associated with a silencer. 14
/
Lw = Lp -  lOLog
/
+10Log
+ 10Log
,V0 ,
0  + SlN
8V
+ 10Lx>g
f  p > 
pV r so  y
-14.0 (3.9)
where Lw is the sound power level of the silencer, Lp(R) is the regenerated 
sound pressure level of the silencer, T is the reverberation time of the room; 
To is 1 sec., V is the volume of the reverberation room (m3), Vo is 1 m3, S is 
the surface area of the room (m2), is the wavelength at the center frequency 
(m), Ps is the atmospheric pressure (kPa), and Pso is 100 kPa.
The regenerated sound power test used the following pressure 
measurement instrumentation:
Microphone: Sound pressure measurements were made with an ACO 7046 
No 9582 microphone. Power was supplied to the microphone by a Neutrils 
#9171-1 power supply.
Real time analyzer: A Genrad 1995 Integrating Real-Time Analyzer was 
used for processing the input signal from the microphone. The input signal was 
time averaged for 30 seconds and band pass filtered into 1/3 octave band 
frequencies.
Computer control: A HP-IB (IEEE) card was used to control the real time 
analyzer through a Franklin 286 computer.
Figure 3.4 shows the interconnection of the instrumentation. The 
microphone measured the pressure inside the reverberation room. The output 
from the microphone is sent to the real time analyzer. The real time analyzer
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is controlled through a HP-IB (IEEE) card by a Franklin 286 computer.
3.4 PRESSURE D RO P
The total and static pressure measurements were made 10.5 ft from the 
entrance of the silencer. The static pressure was measured 11 feet from the 
termination of the 10 ft test section. The pressure drop across the silencer was 
obtained by subtracting the static pressure after the silencer from the static 
pressure before the silencer. The velocity pressure was obtained by subtracting 
the static pressure from the total pressure before the silencer. Piezometric 
Rings were used to measure the static pressure before and after the silencer. 
A pitot tube rake was used to measure the total pressure before the silencer. 
The piezometric rings and pitot tube rake were connected to digital differential 
pressure transducers.
Piezom etric Rings: The piezometric rings consisted of copper tubing inserted 
in the center of the four walls of the duct and flared at the end such that it met 
flush with the inside wall of the duct. Each of the four tubes connected to a 
copper tube ring around the outside of the duct. The above elements 
comprised the piezometric rings. Tygon tubing was used to connect the 
piezometric rings with the pressure transducer (Figure 3.5).
P ito t Tube Rakes: The pitot tube rakes were constructed from five pitot tubes 
made of 0.25 in. outer diameter stainless steel tubing and a manifold which 
connected the pitot tubes together. The pitot tubes were bent at a 90° angle two 
inches from there end. The inside of the duct was divided into five imaginary 
equal area squares and one of the five pitot tubes was installed into each square. 
The pitot tubes were then connected to the manifold which averaged the total
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pressure of each pitot tube. Tygon tubing was used to connect the pitot tube 
rake to the pressure transducer (Figure 3.6).
P ressure  T ransducers: The pressure transducer was a PX164 made by 
Omega Engineering, Inc. The pressure transducer was connected to a DP282 
digital process indicator also made by Omega Engineering. The PX164 
pressure transducer has a measuring range of between zero to 10 in. of HzO 
with an accuracy of plus or minus .05 inches of H20 .
3.5 SPECIFICACOUSTICAL IMPEDANCE
The specific acoustical impedance of fiberglass and mineral wool 
linings were measured using the two microphone method. Fiberglass and 
mineral wool samples with and without a 22  gauge perforated steel facing 
sheet with 23% open area were tested at cavity depths of 3, 6 , and 9 inches. 
Three samples at each configuration were tested. An average of the three 
samples for each material at the three cavity depths is listed in Figures 4.3- 
4.14.
The two microphone method is comprised of an impedance tube with 
a sound source at one end and a sample of locally reactive material at the other 
end. Two fixed microphones are located between the sound source and the 
sample. The specific acoustical impedance of a sample can be measured using 
the two microphone method with the knowledge of 1) the distances between 
each microphone and the sample and 2) the transfer function associated with 
the microphones. A full development of the theory associated with the two 
microphone method is provided by Daube.26
The instruments used in the specific acoustical impedance measurements
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are listed below:
M icrophone: Sound pressure measurements were made with an ACO 7046 
No 9582 microphone. Power was supplied to the microphone by a Neutrils 
#9171-1 power supply.
Am plifier: A Realistic MPA-95 100 watt amplifier powered the sound 
sources.
Sound Sources: Two sound sources were used in the specific acoustic 
impedance measurements. A Fanon 16W, 25 watt, horn driver model number 
Du-25 was used as the sound source for frequencies between 300 to 4000 Hz. 
A Shure Brother acoustic transducer model number99x86 022 was used as the 
sound source for frequencies between 40 to 300 Hz.
Frequency Analyzer: A Wave Pak analyzer installed into a Franklin 286 
computer was used to measure the transfer function associated with the two 
microphones installed in the impedance tube.
Figure 3.7 shows the interconnection of the impedance tube instrumentation.
Sound Source AAMicrophones
Impedance Tube
£  •  • CD
Amplifier 
Frequency Analyzer
Figure 3.7 - Impedance Tube Instrum entation
Sample
CHAPTER 4
DISCUSSION OF RESULTS
4.1 INSERTION LOSS
A regression analysis was conducted using measured insertion loss data 
as the dependent variable and transmission loss and silencer length as the 
independent variables. The insertion loss regression equations were developed 
for silencers based on (1) testing location, (2) internal geometry, and (3) 
frequency. The silencers were tested in forward airflow and reverse airflow 
positions. In the forward airflow position the silencers were located upstream 
of the reverberation room and measurement devices. For reverse airflow the 
silencers were located downstream of the reverberation room and measurement 
devices (Figure 3.2). The silencers were further divided based on their internal 
geometries: (1) straight walled, (2) end-tapered, and (3) full-tapered (Figure 
3.1). Regression equations were developed for the 1/1 octave band center 
frequencies from 63Hz to 8000Hz.
The transmission loss of a silencer is defined by equation (2.46). The 
attenuation constant, a , in equation (2.46) can be determined using two 
methods: (1) numerical method or (2) graphical method.
To determine a  using the numerical method, equations (2.31) and
(2.33) must be simultaneously solved for kx and kz. The algorithm used for
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numerically solving equations (2.31) and (2.33) is located in Appendix 3. The 
transmission loss of the silencer can be determined by substituting, a , into 
equation (2.46).
Figures 4.1 and 4.2 are the normalized attenuation curves for rectangular 
parallel baffles with fiberglass and mineral wool lining, respectfully, with 
rigid outer walls (Figure 2.2). The parameter, Az, in Figures 4.1 and 4.2 is 
equal to the attenuation per length unit width of the lined duct. The attenuation 
constant, a , can be determined from A by
a  = AZ1
8.68(dw) (4.1)
where 1 (ft or m) is the silencer length and dw (ft or m) is the width between 
the parallel baffles. The transmission loss of the silencer can now be 
determined by substituting a  into equation (2.46).
The graphical method is a simplification of the numerical method. The 
graphical method assumes no flow velocity and either fiberglass or mineral 
wool lining material. For an estimate of the insertion loss of a silencer the 
graphical method is satisfactory, but for more accurate results which take into 
account flow velocity and different lining materials, the numerical method is 
recommended.
4.1.1 Wall Impedance
In order to determine the transmission loss, using the numerical 
method, of a silencer the specific acoustical impedance of the silencer's lining
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must be known. The lining's specific acoustical impedance was determined 
using two methods: (1) experimental method and (2) analytical method. The 
experimental method was discussed in section 3.5. The analytical method 
uses equation (2.54) to calculate the specific acoustical impedance.
The results of the experimental method are shown in Figures 4.3-4.11. 
Figures 4.3-4.14 are the average magnitude and phase of the specific acoustical 
impedance of the fiberglass (llbm/ft3 density) and mineral wool (41bm/ft3 
density) samples tested with respect to frequency. The figures show that the 
presences of a 23 % open area perforated facing sheet does not alter the specific 
acoustic impedance of the lining material that was tested. This finding is in 
agreement with the results reported in reference [23].
Two steps are required for calculating the lining's specific acoustical 
impedance. The first step is to calculate the bulk characteristic impedance and 
propagation constant. The second step is to calculate the specific acoustic 
impedance. The bulk characteristic impedance and propagation constant for 
both fiberglass and mineral wool were calculated using equations (2.48) and 
(2.47). Equations (2.47) and (2.48) require the knowledge of the bulk 
materials flow resistance, porosity, and structural factor. The flow resistance 
of fiberglass (llbm/ft3 density) and mineral wool (41bm/ft3 density) materials 
were reported in reference [25] to be 13,816 and 10,360 MKS Rayles/m, 
respectfully. The porosity and structural factors of the bulk material were 
unknown.
Equation (2.54) requires the bulk characteristic impedance, bulk 
characteristic propagation constant, and the depth of the lining to calculate the 
lining's specific acoustical impedance. The specific acoustical impedance of
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the lining was calculated using assumed values for the bulk materials porosity 
and structure factor. The calculated specific acoustical impedance was then 
compared with the measured specific acoustical impedance, and the porosity 
and structural factor of the bulk material were varied until a good correlation 
between the calculated and the measured specific acoustical impedances were 
achieved. Table 1 contains the porosity and structural factors for each material 
at the three cavity depths. Figures 4.3-4.14 provide a comparison of the 
calculated and measured specific acoustical impedances for each material at 
the three cavity depths.
Table 1 - Porosity and structural factors for fiberglass(fg) and mineral 
wool(mw) samples at 3, 6 , and 9 inch cavity depths.___________________
mw-3" mw-6" mw-9" fg-3" fg-6" fg-9"
X 1.00 1.25 1.75 1.75 2.00 1.75
a 0.70 0.80 0.80 0.75 0.90 0.90
4.1.2 Forward Flow Location
The insertion loss regression equations for the silencers for forward 
airflow are in the following form,
IL = 10C1TLC2(0.0254L)C3 (4.2)
where EL(dB) is insertion loss, TL(dB) is transmission loss, and L(in.) is
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silencer length. Tables 5-7 in Appendix 1 displays the coefficients (C1-C3) 
for silencers for forward airflow using measured specific acoustical impedance 
with straight-walled, end tapered, and full tapered internal geometries. Tables 
8-10 in Appendix 1 display the coefficients (C1-C3) for silencers for forward 
airflow, using calculated specific acoustical impedance with straight-walled, 
end tapered, and full tapered internal geometries. The coefficient of 
determinations associated with each regression equation, using measured and 
calculated specific acoustical impedances, are listed in Tables 11 and 12 in 
Appendix 1.
4.1.3 Reverse Flow Location
The insertion loss regression equations for the silencers for reverse air 
flow are in the following form,
IL = 10C1TLC2(0.0254L)C3 (4.3)
where IL(dB) is insertion loss, TL(dB) is transmission loss, and L(in.) is 
silencer length. Tables 13-15 in Appendix 1 display the coefficients (C1-C3) 
for silencers for reverse airflow using measured specific acoustical impedance 
with straight walled, end-tapered, and full-tapered internal geometries. Tables 
16-18 in Appendix 1 display the coefficients (C1-C3) for silencers for reverse 
airflow using calculated specific acoustical impedance with straight-walled, 
end tapered, and full tapered internal geometries. The coefficient of 
determinations associated with each regression equation, using measured and 
calculated specific acoustical impedances, are listed in Tables 19 and 20 in 
Appendix 1.
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4.1.3 Measured and Calculated Insertion
Loss Comparison 
Figures 4.15-4.26 compare the measured insertion loss values to the 
insertion loss calculated by equation (4.2) using the coefficients from Table 
9 for end-tapered silencers, model numbers 1-12 (Appendix 4). The 
properties of silencer model numbers 1-12 are listed in Table 2.
Figures 4.27-4.38 compare the measured insertion loss to the insertion 
calculated by equation (4.2) using coefficients from Table 8 for straight 
walled silencers, model numbers 19-30 (Appendix 3). The properties of 
silencer model numbers 19-30 are listed in Table 3.
Figures 4.39-4.42 compare the measured insertion loss values 
to the insertion loss calculated by equation (4.2) using the coefficients from 
Table 10 for full-tapered silecners, model numbers 31-35. The properties of 
silencer model numbers 31-35 are listed in Table 4.
Table 2 - Properties for End-Tapered Silencer Model Numbers 1-12
Internal
Geometry
Front % Open 
Area
Rear % Open 
Area
Number of 
Passages Length (in.) Lining
1 End-Tapered 24.3 37.6 2 36 Fiberglass
2 End-Tapered 36.3 48.0 2 36 Fiberglass
3 End-Tapered 49.7 55.5 1 36 Fiberglass
4 End-Tapered 24.0 37.6 2 84 Fiberglass
5 End-Tapered 34.7 48.0 2 84 Fiberglass
6 End-Tapered 49.6 55.2 1 84 Fiberglass
7 End-Tapered 24.2 36.7 2 120 Fiberglass
8 End-Tapered 35.5 48.1 2 120 Fiberglass
9 End-Tapered 49.1 54.9 1 120 Fiberglass
10 End-Tapered 23.8 35.6 2 60 Fiberglass
11 End-Tapered 34.0 44.2 2 60 Fiberglass
12 End-Tapered 49.3 55.2 1 60 Fiberglass
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Table 3 - Properties for straight walled silencers, model numbers 19-30
Internal
Geometry
Front % Open 
Area
Rear % Open 
Area
Number of 
Passages Length (in.) Lining
19 Straight Walled 50.2 50.2 1 36 Mineral Wool
20 Straight Walled 50.0 50.0 1 60 Mineral Wool
21 Straight Walled 50.0 50.0 1 84 Mineral Wool
22 Straight Walled 50.0 50.0 1 120 Mineral Wool
23 Straight Walled 35.9 35.9 1 36 Mineral Wool
24 Straight Walled 36.2 36.2 1 60 Mineral Wool
25 Straight Walled 36.2 36.2 1 84 Mineral Wool
26 Straight Walled 35.4 35.4 1 120 Mineral Wool
27 Straight Walled 21.6 21.6 1 36 Mineral Wool
28 Straight Walled 21.6 21.6 1 60 Mineral Wool
29 Straight Walled 20.7 20.7 1 84 Mineral Wool
30 Straight Walled 23.4 23.4 1 120 Mineral Wool
Table 4 - Properties for full-tapered silencers, model numbers 31-35
Internal
Geometry
Front % Open 
Area
Rear % Open 
Area
Number of 
Passages Length (in.) Lining
31 Full-Tapered 27.1 32.8 1 60 Fiberglass
32 Full-Tapered 27.1 32.8 1 84 Fiberglass
33 Full-Tapered 34.4 41.2 1 60 Fiberglass
34 Full-Tapered 27.1 32.8 1 36 Fiberglass
35 Full-Tapered 34.4 41.2 1 84 Fiberglass
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4.1.4 Internal Geometry Insertion Loss Comparison
Figures 4.44 and 4.45 compare the calculated insertion loss of straight 
walled, end-tapered, and full-tapered silencers. Each silencer in Figure 4.44 
is 60 inches in length, has one internal passage, and a 50% open area at the 
silencer entrance. The end-tapered and full-tapered silencers have a 55% open 
area at the silencer exits. Each silencer in Figure 4.45 is 60 inches in length, 
has one internal passage, and a 21% open area at the silencer entrance. The 
end-tapered and full-tapered silencers have a 31 % open area at the silencer 
exits. The calculated insertion losses for the 50% entrance open area silencers 
(Figure 4.44) have a range of 5dB at the 1000 Hz 1/1 octave band center 
frequency. The highest insertion loss is associated with the full-tapered 
silencer, and the lowest insertion loss is associated with the end-tapered 
silencer. The calculated insertion losses for the 21% entrance open area 
silencers (Figure 4.45) have a range of lOdB at the 1000 Hz 1/1 octave band 
center frequency. The highest insertion loss is associated with the straight 
walled silencer, and the lowest attenuation is associated with the end-tapered 
silencer. The above findings suggest that the end-tapered silencer's sharply 
angled exit, (3.82° & 7.64°), is detrimental to the insertion loss of the silencer; 
while the gentle angle, (0.573° & 1.146°), of the full tapered silencers has only 
a negligible effect on the insertion loss of the silencer.
4.1.5 Lining Material Insertion Loss Comparison
Figures 4.46 and 4.47 compare the calculated insertion loss of straight 
walled silencers with fiberglass and mineral wool lining. Each silencer in
Figure 4.46 is 60 inches long, has one internal passage, and a 50% open area
I
68
at the silencer entrance. Each silencer in Figure 4.47 is 60 inches long, has one 
internal passage, and a 21% open area at the silencer entrance. The lining 
material has no substantial effect on the insertion loss of the 50% or the 21 % 
open area silencers.
4.1.6 Airflow Insertion Loss Comparison
All of the previous comparison figures assumed zero airflow velocity. 
Figure 4.50 illustrates the effect of airflow velocity on a 50% open area 
straight walled silencer with one internal passage and fiberglass lining. Figure 
4.50 is in agreement with the conclusion drawn in Chapter 2 with regard to 
airflow; when the airflow opposes the sound propagation the insertion loss 
increases, and when the airflow is in the direction of the sound propagation the 
insertion loss decreases. Figure 4.50 also demonstrates that airflow velocities 
below 2000  ft/min have a negligible effect on insertion loss.
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4.1.7 Measured and Calculated Impedance 
Insertion Loss Comparison
Figures 4.48 and 4.49 compare the effect of using measured or 
calculated specific acoustical impedance values for a 50% and 21 % open area 
straight walled silencer with one internal passage and fiberglass lining. 
Similar results are obtained when either the measured or the calculated 
specific acoustical impedance models are used to calculate the insertion loss 
for a 50% open area straight walled silencer. For the 21 % open area straight 
walled silencer, the calculated specific acoustical impedance model predicts 
higher insertion loss values then the measured specific acoustic impedance 
model (Figure 4.49). The insertion loss values using the calculated specific 
acoustial impedance model are 10 dB to 15 dB higher at low frequencies when 
compared to the corresponding values calculated using measured specific 
acoustic impedance values for low percent open area silencers (< 25%).
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4.2 REGENERATED SOUND POWER
A regression analysis was conducted using the regenerated sound 
power as the dependent variable and the physical properties of the silencer as 
the independent variables. Regression equations were developed for silencers 
for both forward and reverse airflows. For forward airflow the silencers were 
located upstream of the reverberation room and measurement devices. For 
reverse airflow the silencers were located downstream of the reverberation 
and measurement devices. Regression equations were developed which take 
into account the silencer internal geometries. Regenerated sound power 
regression equations were developed for the 1/1 octave band center frequencies 
from 63 Hz to 8000 Hz.
4.2.1 Forward Air Flow
The regression analysis revealed five statically relevant independent 
variables associated with the regenerated sound power of a silencer associated 
with forward air flow. The five independent variables are:
1) the flow velocity in the unconstricted duct, U (ft/min)
2) the pressure drop across the silencer, PD (in. HzO)
3) the length of the silencer, L (in.)
4) the hydraulic diameter at the silencer exit, HD(r) (in.)
5) the radius of curvature at the entrance divided by the hydraulic 
diameter at the entrance, r/HD(e) (in./in.)
Regression equations were derived at each 1/1 octave band center 
frequency for all silencers in the forward flow location. The silencers were 
further subdivided by internal geometry. Regression equations were derived
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for each internal geometry: straight, end tapered, and full tapered. The 
regression equations for silencers for forward airflow are in the following 
form.
Tables 21 -24 in Appendix 2 displays the coefficients (C, -C6) for silencers for 
forward airflow with all, straight walled, end-tapered, and full-tapered silencers 
at each 1/1 octave band center frequency. The standard deviations associated 
with each regression equation are listed in Appendix 2 on Table 25.
It was found that the above equation can be simplified by reducing the 
number of independent variables to velocity, pressure drop, and length. The 
regression equations developed using these three independent variables are in 
the following form:
Tables 26-29 in appendix 2 display the coefficients (C,-C4) for silencers for 
forward airflow for all, straight walled, end-tapered, and full-tapered silencers 
at each 1/1 octave band center frequency. The standard deviations associated 
with each regression equation are listed in Appendix 2 in Table 30.
The regenerated sound power of a silencer for forward airflow is 
independent of internal geometry. The standard deviation associated with
Lw = C1log(U) + C2log(PD) + C3log(L)
(4.4)
Lw = C1log(U) + C2log(PD) + C3log(L) + C4 (4.5)
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regression equations for silencers for forward airflow with straight, end 
tapered, and full tapered internal geometries are not significantly different 
from the standard deviations associated with the regression equations for all 
silencer internal geometries for forward airflow. Therefore, no increase in 
accuracy of the regression equations is achieved by separating the silencers 
based on internal geometry for forward airflow. This suggests that the 
regenerated sound power of a silencer for forward airflow is independent of 
internal geometry.
4.2.2 Reverse Location
The regression analysis revealed two statically relevant independent 
variables associated with the regenerated sound power of a silencer for reverse 
airflow. The two independent variables are:
1) the flow velocity in the unconstricted duct, U (ft/min)
2) the pressure drop across the silencer, PD (in. H20)
Regression equations were derived at 1/1 octave band center frequency
from 63Hz to 8000Hz for all silencers for reverse airflow. The silencers were 
further subdivided by internal geometry; regression equations were derived 
for each internal geometry: straight, end tapered, and full tapered. The 
regression equations for silencers for reverse airflow are in the following 
form:
Lw =C1log(U)+C2log(PD) + C3 (4.6)
Tables 31-34 in Appendix 2 displays the coefficients for all, straight, end
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tapered, and full tapered internal geometries at each 1/1 octave band center 
frequency. The standard deviations associated with each regression equation 
are listed in Appendix 2 on Table 35.
Regenerated sound power of a silencer for reverse airflow is dependent 
on internal geometry. The standard deviation associated with regression 
equations for silencers for reverse airflow with straight, end-tapered, and full- 
tapered internal geometries are significantly different from the standard 
deviation associated with the regression equation for all silencer internal 
geometries for reverse airflow. Therefore, an increase in accuracy of the 
regression equations is achieved by separating the silencers for reverse airflow 
based on internal geometry. This suggests that the regenerated sound power 
of a silencer for reverse airflow is dependent on internal geometry.
4.2.3 Measured and Calculated Regenerated
Sound Power Comparison 
Figures 4.51-4.62 compare the measured regenerated sound power 
level to the regenerated sound power level calculated by equation (4.4) for 
silencer model numbers 1-12 for forward airflow. The properties of silencer 
model numbers 1-12 are listed in Table 2.
Figures 4.63-4.74 compare the measured regenerated sound power 
level to the regenerated sound power level calculated by equation (4.4) for 
silencer model numbers 19-30 for forward airflow. The properties of silencer 
model numbers 19-30 are listed in Table 3.
Figures 4.75-4.78 compare the measured regenerated sound power 
level to the regenerated sound power level calculated by equation (4.4) for
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model numbers 31-35 for forward airflow. The properties o f silencer model 
numbers 31-35 are listed in Table 2.
Figures 4.80-91 compare the measured regenerated sound power level 
to the regenerated sound power level calculated by equation (4.6) for silencer 
model numbers 1-12 for reverse airflow. The properties o f silencer model 
numbers 1-12 are listed in Table 2.
Figures 4.92-103 compare the measured regenerated sound power 
level to the regenerated sound power level calculated by equation (4.6) for 
silencer model numbers 19-30 for reverse airflow. The properties o f silencer 
model numbers 19-30 are listed in Table 3.
Figures 4.104-108 compare the measured regenerated sound power 
level to the regenerated sound power level calculated by equation (4.6) for 
silencer model numbers 31-35 for reverse airflow. The properties o f silencer 
model numbers 31-35 are listed in Table 4.
Frequency-(®z) 10000
Figure 4.80 - Silencer #1
O -  Measured. RSP(1000 ft/min) 
•  -  Calculaled*RSP(1000 ft/min)
CQ 70 
60
Figure 4
Frequency-(Hz)
.82 - Silencer #4
10000
PQ 70
100 1000 
Frequency-(Hz)
Figure 4.81 - Silencer #10
V  -  Measured- RSP(2000 ft/min)
▼ — Calculated*RSP(2000 ft/min)
PQ 70 1"07 60soh-i
40
F requency-(¥¥z)
Figure 4.83 - Silencer #7
80
100 1000 
Frequency-(Hz)
F igure 4.84 - Silencer #2
O — Mcasured-RSPClOOOftAnin)
•  -  Calculated-RSPClOOOfi/min)
10000 100 1000 
Frequency-(Hz)
Figure 4.85 - Silencer #11
V  -  Mcasured-RSPC2O0OftAmn)
▼ -  Qi1railmM-RSP(2000ft/min)
10000
100 1000 
Frequency-(Hz) 
F igure  4.86 - Silencer #5
10000 100 1000 
Frequency-(Hz) 
F igure 4.87 - Silencer #8
10000
Frequency-(¥iz)
F igure  4.88 - Silencer #3
O — Measured-RSP(1000 ft/min)
10000 100 1000 10000 Frequency-(Hz)
Calculated>RSP(1000 ft/min)
Figure 4.89 - Silencer#12
v  -  Measurcd-RSP(2000ft/hiin) 
▼ -  Calculated-RSP(2000ft/min)
CQ
*
90
80
70
T3 60i
^ 50
40
30 100 1000 10000 100 1000 10000
Frequency-(Hz)
Figure 4.90 - Silencer #6
Frequency-(Hz)
Figure 4.91 - Silencer #9
81
90
80
PQ 70
T3
1 60
L
W 50
40
30
----- 1—i ....................r ... i—i ■■ i m i 90
80
----- 1— i i i I 1 1 11------r~T-T-rrm |------1—I-.......... ..
IB O
s
.........................................
Ns-
...................1 ....................1 ...................
7  60
J  50 
40 
30
10 100 1000 
Frequency-(Hz)
Figure 4.92 - Silencer #27
0  -  Measurcd-RSP(1000ft/min)
•  -  Calculattd-RSPClOOOft/min)
10000 10 100 1000 10000 
Frequency-(Hz)
Figure 4.93 - Silencer#28
^  “  Measured-RSP(2000ft/min)
▼ -  Calculmcd-RSPCOOOft/umi)
90
80
PQ 70T)i 60 
*
J  50 
40 
30
---------1—r m i u | ......  - r  i  i « i 111| ------- » i ............ ... 90 ........... » "»  ' " " 1  ■'» 1 »M I I I . |  1 . M l
- 80 -
________▼— w._
9= 8= 8 5 5 - ^ 8 :
#:
......................................................................
PQ 70 
60
S
J  50
40
30
▼—-X__
: *:
......................................................
10 100 1000 
Frequency-(Hz) 
Figure 4.94 - Silencer #29
10000 10 100 1000 10000 
Frequency-(Hz) 
Figure 4.95 - Silencer #30
PQ
T5
8080
7070
60
50
30
20
100 1000 100001000 10000100
Frequency-(Hz) 
Figure 4.96 - Silencer #23
O -  Measured~RSP(1000itAnm) 
•  -  CaIculaicd-RSP( 1 OOP ft/min)
Frequency-(Hz) 
Figure4.97 - Silencer#24
V  “  Mcasurcd-RSP(2000ft/min)
▼ “  Calculaied-RSP(2000ft/min)
80
70
CQ 60
T3
1 50
* 40
30
20
--------- 1----- .  ............IT]-----------1----- r - i -»■« t I l f  —» - r - r - r T T T 80 1 I I  M l l |  1 1 1" I  1 TIT,---------f - l - W T M
9  -
70
®  fin T3 60
1 50 
h-) 40 x e  -
..................... . . . .  ....1 ...................
30
20 • * ■ • * -* * i  . . . .  . . . . 1  . ..............
10 100 1000 
Frequency-(Hz) 
Figure 4.98 - Silencer #25
10000 10 100 1000 
Frequency-(Hz) 
Figure 4.99 - Silencer #26
10000
82
ocfl=8
OQT5
10 100 1000 
Frequency-(Hz)
F igure 4.100- Silencer#19
0  ~  Measured-RSP(1000ftAnin)
6 -  Calculattd-RSPClOOOft/min)
10000
Figure4
V  -
100 1000 
Frequency-(Hz)
,101 - Silencer #20
Measured-RSP(2000ft/min)
10000
▼ -  Calculaed-RSP(2000ft/min)
80 ' ' " '" 1  '■ '
70
c o  eo
II
/• 
1
T3
1 SO k o ^ *
J  40
30
20 ...................1
10
X
100 1000 10000 
Frequency-(Hz)
F igure 4.102 - Silencer #21
CQ 60
100 1000 
Frequency-(Hz) 
F igure 4.103 - Silencer #22
10000
10 100 1000 
Frequency-(Hz) 
F igure 4.104 - Silencer #34
o  -  Measured-RSP(1000ftAnin) 
•  -  Calculatcd-RSPClOOOft/min)
10000 100 1000 
Frequency-(Hz) 
F igure 4.105 - Silencer #31
V  -  Measured-RSP(2000ftAnin)
10000
-  Catailaied-RSPgOOOftftnin)
CO
T3
100 1000 
Frequency-(Hz)
F igure 4.106 - Silencer #32
10000
83
s
100 1000 
Frequency-(Hz)
10000 100 1000 
Frequency-(Hz)
10000
0  — Mcasured-RSP(1000fWmin) 
0  -  Calculated-RSP(1000fVmin)
Figure 4.107 - Silencer #33
V  — Measured-RSP(2000ft/min)
▼ -  Oilcnlntra1-RSP<2000ft/min)
Figure 4.108 - Silencer #35
4.2.4 Regenerated Sound Power Comparison
Figures 4.09-4.112 compare the calculated regenerated sound power 
of straight walled, end-tapered, and full-tapered silencers in forward and 
reverse airflows. The regenerated sound power of the silencers in Figures 
4.109 and 4.110 is associated with forward airflow; the regenerated sound 
power of the silencers in Figures 4.111 and 4.112 is associated with reverse 
air flow. Each silencer in Figures 4.109 and 4.111 is 60 inches long, has one 
internal passage, and a 50% open area at the silencer entrance. At the silencer 
exit, the end-tapered and full-tapered silencers have a 55% open area. Each 
silencer in Figures 4.110 and 4.112 is 60 inches in length, has one internal 
passage, and a 21 % open area at the silencer entrance. At the silencer exit, the 
end-tapered and full-tapered silencers have a 31% open area.
The internal geometry of the silencers has no substantial effect on 
regenerated sound power of the silencers for forward airflow. In reverse air 
flow the internal geometry of the silencer affects the regenerated sound power. 
The straight walled silencer generates the maximum regenerated sound power
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for a given entrance area, while the full tapered silencer generates the 
minimum regenerated sound power for a given internal geometry.
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4.3 PRESSURE D RO P
A regression analysis was preformed on the pressure loss data for each 
internal geometry. The section below describes the loss coefficients for the 
entrance and exit conditions for each of the internal geometries, along with the 
friction factor for each of the internal geometries.
4.3.1 Straight Walled Silencers
A regression analysis was conducted using the values for Kc, Kr  Ke 
specified by equations (2.65), (2.69), and (2.75), respectively, as the 
independent variables and the measured pressure drop, hj., as the dependent 
variable at the following up stream duct airflow velocities: 500, 1000,1500, 
and 2000 ft/min. The regression equation for the straight walled silencers is
r \T
hx = -0.0146+ 1.11 lKc+1.04 lKf L +0.973Kg
JL
.1097, (4.7)
where h .^ (in. H20) is the pressure drop of the silencer, L (in) is the silencer 
length, U (ft/min) is airflow velocity in the silencer air passage, and p (lbm/ft3) 
is the density of air. The standard deviation associated with the above 
regression analysis is 0.151 in. HzO.
The value for e in equation (2.69) was obtained by varying the value of 
e until the coefficient for Kf in equation (4.7) approached unity. Thus, equation 
(2.69) became,
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0.25
Kf =0.11 0.0095 68+ — (4.8)
D H (s) R e
4.3.2 End-Tapered Silencers
A regression analysis was conducted using the values for Kc, Ke 
specified by equations (2.65), (4.8), and (2.71), respectively, as the independent 
variables and the measured pressure drop, h .^, as the dependent variable at the 
following up stream duct airflow velocities: 500, 1000, 1500, and 2000 ft/ 
min. The regression equation for the end-tapered silencers is
where bij. (in. H20) is the pressure drop of the silencer, L (in) is the length of 
the straight section of the silencer air passage, U (ft/min) is the airflow velocity 
in the silencer entrance air passage, and p (lbm/ft3) is the density of air. The 
standard deviation associated with the above regression analysis is 0.102  in.
A regression analysis was conducted using the values for Kc, Kr  Ke 
specified by equations (2.65), (4.8), and (2.75), respectively, as the independent 
variables and the measured pressure drop, h ^  as the dependent variable at the 
following up stream duct airflow velocities: 500, 1000, 1500, and 2000 ft/
hT = -0.057+ Kc + 1.749Kf + 1.683Ke
H p .
4.3.3 Full-Tapered Silencers
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min. The regression equation for the full-tapered silencers is
2
/  \
hx = -0.012+ Kc +0.186Kf +1.094Ke
2
(4.10)
where iLj. (in. H20) is the pressure drop of the silencer, L (in.) is the silencer 
length, U (ft/rain) is the airflow velocity in the silencer’s entrance air passage, 
and p (lbm/ft3) is the density of air. D (in.) in the Kc term is the hydraulic 
diameter of the silencer air passage at the silencer entrance and As (in.2) is the 
area of the silencer air passage at the silencer entrance. DH(S) (in.) in the Kf term 
is the hydraulic diameter of the silencer air passage at the silencer entrance. As 
(in.2) in the Ke term is the area of the silencer air passage at the silencer exit. 
The standard deviation associated with the above regression analysis is 0.174 
in.H20.
An attempt was made to obtain regression results as a function of 
silencer taper geometry, i.e., taper angle, length, etc. The regression results 
indicated that, relative to the full tapered silencers that were tested, the effects 
of these variables were statistically insignificant. This could be because the 
numerical ranges of these variables in the silencers that were tested were 
sufficiently small to be statistically significant. These variables may not be 
statistically insignificant in a larger silencer population in which the numerical 
ranges of these variables are larger.
4.3.3 Pressure Drop Comparison
Figures 4.113-4.124 compare the measured pressure drop to the
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pressure drop calculated by equation (4.9) for silencer model numbers 1-12. 
The properties of silencer model numbers 1-12 are listed in Table 2.
Figures 4.125-4.136 compare the measured pressure drop to the 
pressure drop calculated by equation (4.7) for silencer model numbers 19-30. 
The properties of silencer model numbers 19-30 are listed in Table 3.
Figures 4.137-4.141 compare the measured pressure drop to the 
pressure drop calculated by equation (4.10) for silencer model numbers 31- 
35. The properties of silencer model numbers 31-35 are listed in Table 4.
1000 1500 2000
Airflow Velocity-(ft/min) 
F igure 4.113 - Silencer # 1
O- Measured* PD
500 1000 1500 20G
Airflow Velocity (ft/min) 
Figure 4.114 - Silencer #10
•  - Cal.-PD
Airflow Velocity (ft/min) 
F igure 4.115 - Silencer #4
200C
Airflow Velocity (ft/min) 
F igure 4.116 - Silencer #7
89
d
I ' ' ' ' I 
O -  Measured-PD 
•  “  Cal.-PD
500 1000 1500 2000
Airflow Velocity-(ft/min) 
Figure 4.117 - Silencer #2
as
d
• pHwI
Q
I ' 11 1 I 
O — Measured-PD 
•  -  Cal.-PD
500 1500 200
Airflow Velocity (ft/min) 
F igure 4.118 - Silencer#! 1
O — Measured-PD 
•  -  Cal.-PD
T "T"
0 500 1000 1500 2000
Airflow Velocity (ft/min) 
Figure 4.119 - Silencer #5
O Measured-PD 
•  -  Cal.-PD
500 1000 1500 200C
Airflow Velocity (ft/min) 
F igure 4.120 - Silencer #8
33
O — Measured-PD 
•  -  Cal.-PD
Airflow Velocity-(ft/min) 
Figure 4.121 - Silencer #3
O — Measured-PD
500 1000 1500 200
Airflow Velocity (ft/min) 
F igure 4.122 - Silencer #12
0 500 1000 1500 2000
Airflow Velocity (ft/min)
Figure 4.123 - Silencer #6
d• »h
t
Q0h
0 500 1000 1500 200C
Airflow Velocity (ft/min) 
F igure 4.124 - Silencer #9
Measured-PD
•  -  Cal.-PD
0
Oil-
90
O -  Measured-PD 
-  Cal.-PD
500 1000 1500 2000
Airflow Velocity-(ft/min) 
F igure  4.125 - Silencer #27
0
5 r  
4 -cs
X 3 ■c ? -
O 1 -
cl, 0 «
O — Measured-PD 
•  -  Cal.-PD
500 1500 20G
Airflow Velocity (ft/min) 
F igure 4.126 - Silencer #28
O — Measured-PD 
*  -  Cal.-PD
500 1000 1500 2000
Airflow Velocity (ft/min) 
F igure  4.127 - Silencer #29
N 4
w
.S 2
Measured-PD
Cal.-PD
500 1500
Airflow Velocity (ft/min) 
F igure 4.128 - Silencer #30
O *“ Measured-PD 
-  Cal.-PD
500 1000 1500 2000
Airflow Velocity-(ft/min) 
F igure  4.129 - Silencer #23
O — Measured-PD
20G
Airflow Velocity-(ft/min) 
F igure 4.130 - Silencer #24
O — Measured-PD
•  -  Cal.-PD
S 500 1500 20001000
Measured-PD
Cal.-PD
s 4 1500500 1000 200C
Airflow Velocity (ft/min)
Figure 4.131 - Silencer #25
Airflow Velocity (ft/min) 
F igure 4.132 - Silencer #26
91
O ~ Measured-PD
1000 1500
Airflow Velocity-(ft/min) 
F igure4.133 - Silencer#19
O — Measured-PD 
•  -  Cal.-PD
20G
Airflow Velocity-(ft/min) 
F igure 4.134 - Silencer #20
1000 2000
Airflow Velocity (ft/min) Airflow Velocity (ft/min)
F igure 4.135 - Silencer #21 F igure 4.136 - Silencer #22
Measured-PD
Airflow Velocity-(ft/min) Airflow Velocity-(ft/min)
F igure  4.137 - Silencer #34 Figure 4.138 - Silencer#31
Measured-PD
0 500 1000 1500 2000
Air Flow Velocity (ft/min)
Figure 4.139 - Silencer #32
92
T
O — Measured-PD 
•  “  Cal.-PD
500 1000 1500 2000
Airflow Velocity-(ft/min) 
F igure 4.140 - Silencer #3 3
II!
•S 1I
Qcu
i 1 1 1 1~r 
0  — Measured-PD 
^  _  Cal.-PD
0 500 1000 1500 20G
Airflow Velocity-(ft/min) 
F igure 4.141 - Silencer #35
4.3.4 Pressure Drop Comparison
Figures 4.142-4.143 compare the calculated pressure drop associated 
with straight walled, end-tapered, and full-tapered silencers. Each silencer in 
Figure 4.142 is 60 inches long, has one internal passage, and a 50% open area 
at the silencer entrance. The end-tapered and full-tapered silencers have a 55% 
open area at the silencer exits. Each silencer in Figure 4.143 is 60 inches long, 
has one internal passage, and a 21% open area at the silencer entrance. The 
end-tapered and full-tapered silencers have a 31% open area at the silencers 
exits. The pressure drop difference associated with the 50% open area 
silencers has a range of 0.08 inches of H20 at the air flow velocity of 2000 ft/ 
min. The straight and end-tapered silencers are at the upper limit, while the 
full-tapered silencer is at the lower limit. The pressure drop difference 
associated with the 21 % open area silencers has a range of 1.21 inches of H20 
at the air flow velocity of 2000 ft/min. The straight walled silencer is at the 
upper limit, while the end-tapered and full-tapered silencers are grouped at the 
lower limited. The above finding suggest that the exit geometries of both the 
full-tapered and end-tapered 21 % front open area silencers provide a reduction 
in pressure drop when compared to the straight walled 2 1% open area
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silencers. The findings also suggest that the benefit of the exit geometries for 
the 50% front open area silencers is negligible.
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CHAPTER 5
CONCLUSION
The main findings of the investigation are:
1) Regression equations have been developed for calculating the insertion 
loss of straight walled, end-tapered, and full-tapered silencers in forward 
and reverse airflow. The insertion loss regression equations' independent 
variables are the transmission loss of the silencer and the silencer length. 
The insertion loss regression equations have been developed at each 1/1 
octave band center frequency from 63 to 8000 Hz.
2) Regression equations have been developed for calculating the regenerated
sound power of straight walled, end-tapered, and full-tapered silencers in
forward and reverse airflow. The forward airflow regenerated sound power
regression equations' independent variables are the airflow velocity in the
unconstricted duct, the pressure drop across the silencer, the length of the
silencer, the hydraulic diameter at the silencer exit, and the radius of
curvature divided by the hydraulic diameter at the silencer entrance. The
reverse airflow regenerated sound power regression equations' independent
variables are the airflow velocity in the unconstricted duct and the pressure
drop across the silencer. The regenerated sound power regression equations
have been developed at each 1/1 octave band center frequency from 63 to
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8000 Hz.
3) Regression equations have been developed for calculating the pressure 
drop across straight walled, end-tapered, and full-tapered silencers. The 
pressure drop regression equations' independent variables are the airflow 
velocity in the silencer entrance, the entrance loss coefficient, the friction 
factor, and exit loss coefficient.
4) Straight walled silencers produce a higher insertion loss over the entire 
frequency range than end-tapered and full-tapered silencers (Figure 4.45). 
The end-tapered silencers produced the lowest insertion loss.
5) The lining material, fiberglass or mineral wool, has little to no effect on 
predicted insertion loss.
6) The insertion loss regression model using calculated specific acoustical 
impedance values predicts a higher insertion loss than the insertion loss 
regression model using measured specific acoustical impedance values. 
The measured specific acoustical impedance model is in better correlation 
with the measured insertion loss then the calculated specific acoustical 
impedance model. The major differences occur for small percent open 
area silencers.
7) Airflow velocities below 2000 ft/min have little effect on insertion loss.
8) The straight walled, end-tapered, and full-tapered internal geometries 
have no substantial effect on predicted regenerated sound power of silencers 
for forward airflow.
9) The predicted regenerated sound power for reverse airflow associated 
with straight walled, end-tapered, and full-tapered silencers with a 2 1 % 
open area have a range of approximately lOdB at the 250 Hz 1/1 octave
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band center frequency. The end-tapered and full-tapered silencers are 
associated with the lower regenerated sound power and the straight walled 
silencer is associated with the higher regenerated sound power.
10) The exit geometries of the end and full-tapered silencers provide a 
reduction in predicted pressure drop when compared with the straight walled 
silencers. The predicted pressure drop associated with a 21% open area 
straight walled silencer is 1.21 inches of H20  greater than a full-tapered 
silencer with similar dimensions.
11) The regression results indicated that the taper length and taper angles 
associated with the end-tapered and full-tapered silencers were statistically 
insignificant. This could be because the numerical range of these variables 
in the silencers tested were sufficiently small to be statistically significant.
CHAPTER 6
RECOMMENDATIONS
A larger sample population of silencers is needed to:
1) Increase the accuracy of the regression equations. A regression analysis is 
a curve fitting process which determines the dependence of the known 
independent variables to a measured dependent variable. A more accurate 
description of the relationship of the dependent and independent variables is 
achieved when measurements of the dependent variable are made at smaller 
intervals of the independent variables. A larger sampling of silencers would 
result in smaller intervals of independent variables, and therefore a more 
accurate description of the relationship of the dependent and independent 
variables.
2) Increase the valid range of dimensions for the regression equations. A 
regression analysis is only valid with in the limits of the independent variables 
used in the regression analysis. A larger sampling of silencers would result in 
a larger range of independent variables. The larger range of independent 
variables would allow the regression equations to be used for a greater scope 
of silencers.
3) Determine if the end-tapered and full-tapered silencers' taper length and 
taper angle are statically relevant variables. The regression results indicated
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that the taper length and taper angles associated with the end-tapered and full- 
tapered silencers were statistically insignificant. This could be because the 
numerical range of these variables in the silencers tested were sufficiently 
small to be statistically significant. These variables may not be statistically 
insignificant in a larger silencer population in which the numerical ranges of 
the these variables are larger.
APPENDIX 1
INSERTION LOSS COEFFICIENT 
TABLES
Appendix 1 provides coefficients (C15 C2, C3 ) for the insertion 
loss equations (4.2) and (4.3). Appendix 1 also provides the coefficient 
of determination associated with each regression equation.
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Table 5 - Regression Coefficients for Straight Walled Silencers with Measured
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -0.808 0.115 -0.043 0.362 0.355 0.485 0.883 1.017
C2 1.329 0.848 1.058 0.729 0.757 0.660 0.365 0.240
C3 0.400 0.000 0.000 0.371 0.097 0.045 0.269 0.725
Table 6 - Regression Coefficients for End-Tapered Silencers with Measured 
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -1.068 0.051 0.367 0.506 0.821 0.736 0.919 0.954
C2 0.552 0.723 0.622 0.605 0.395 0.397 0.301 0.284
C3 1.340 0.322 0.362 0.290 0.193 0.111 0.237 0.350
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Table 7 - Regression Coefficients for Full-Tapered Silencers with Measured
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -0.137 0.742 0.533 0.878 1.034 0.981 0.868 1.060
C2 0.626 0.347 0.557 0.376 0.310 0.350 0.392 0.238
C3 0.148 0.000 0.205 0.339 0.372 0.233 0.247 0.174
Table 8 - Regression Coefficients for Straight Walled Silencers with Calculated 
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -0.218 0.422 0.076 0.204 0.488 0.460 0.870 1.000
C2 0.839 0.607 0.911 0.823 0.629 0.656 0.355 0.261
C3 1.234 0.289 0.109 0.286 0.236 0.043 0.240 0.180
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Table 9 - Regression Coefficients for End-Tapered Silencers with Calculated
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -1.420 0.219 0.228 0.572 0.803 0.721 0.924 0.955
C2 1.365 0.804 0.782 0.543 0.396 0.400 0.278 0.270
C3 1.640 0.416 0.237 0.234 0.192 0.110 0.250 0.356
Table 10 - Regression Coefficients for Full-Tapered Silencers with Calculated 
Specific Acoustical Impedance and Forward Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 0.364 0.388 0.530 0.888 0.840 0.911 0.893 1.068
C2 0.086 0.648 0.527 0.347 0.413 0.382 0.356 0.228
C3 0.674 0.445 0.497 0.370 0.321 0.228 0.240 0.151
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Table 11 - Coefficients of Determination for Forward Airflow Silencers with
Measured Specific Acoustical Impedance.
geom. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
straight 0.667 0.799 0.956 0.967 0.956 0.973 0.910 0.725
end
tapered 0.219 0.924 0.968 0.975
0.914 0.953 0.952 0.971
full
tapered 0.362 0.229 0.869 0.941
0.928 0.956 0.949 0.918
Table 12 - Coefficients of Determination for Forward Airflow Silencers with 
Calculated Specific Acoustical Impedance.
geom. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
straight 0.773 0.936 0.965 0.962 0.974 0.982 0.907 0.761
end
tapered 0.278 0.941 0.946 0.939 0.909 0.951 0.950 0.969
full
tapered 0.259 0.866 0.963 0.939 0.910 0.954 0.955 0.929
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Table 13 - Regression Coefficients for Straight Walled Silencers with
Measured Specific Acoustical Impedance and Reverse Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -0.886 0.092 -0.042 0.390 0.268 0.585 0.957 1.055
C2 1.476 0.920 1.080 0.760 0.825 0.572 0.327 0.176
C3 0.442 0.000 0.000 0.205 0 0.136 0.230 0.000
Table 14 - Regression Coefficients for End-Tapered Silencers with Measured 
Specific Acoustical Impedance and Reverse Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -1.249 -0.074 0.314 0.603 0.741 0.800 0.935 0.969
C2 1.076 0.889 0.706 0.561 0.467 0.392 0.303 0.267
C3 1.241 0.200 0.265 0.225 0.000 0.000 0.199 0.272
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Table 15 - Regression Coefficients for Full-Tapered Silencers with Measured
Specific Acoustical Impedance and Reverse Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 0.663 0.771 0.490 0.908 1.06 0.835 0.902 1.007
C2 0.101 0.375 0.652 0.396 0.314 0.422 0.367 0.207
C3 0.239 0.000 0.000 0.256 0.295 0.231 0.256 0.358
T able 16 - Regression Coefficients for Straight Walled Silencers with 
Calculated Specific Acoustical Impedance and Reverse Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -0.218 0.458 -0.027 0.224 0.307 0.562 0.946 1.048
C2 0.839 0.620 1.030 0.856 0.770 0.571 0.318 0.170
C3 1.234 0.368 0.000 0.116 0.048 0.132 0.203 0.000
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Table 17 - Regression Coefficients for End-Tapered Silencers with Calculated
Specific Acoustical Impedance and Reverse Airflow.___________________
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl -1.568 0.195 0.181 0.572 0.731 0.795 0.939 1.015
C2 2.086 0.914 0.858 0.543 0.462 0.389 0.280 0.198
C3 1.823 0.352 0.141 0.234 0.000 0.000 0.212 0.338
Table 18 - Regression Coefficients for Full-Tapered Silencers with Calculated
Specific Acoustical Impedance and Reverse Airflow.
coef. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 0.373 0.440 0.543 0.901 0.866 0.768 0.929 1.015
C2 0.373 0.653 0.564 0.379 0.417 0.449 0.332 0.198
C3 0.644 0.448 0.404 0.275 0.241 0.236 0.249 0.338
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Table 19 - Coefficients of Determination for Reverse Airflow Silencers with
Measured Specific Acoustical Impedance.
geom. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
straight 0.773 0.823 0.972 0.957 0.915 0.943 0.885 0.362
end
tapered 0.524 0.930 0.976 0.945 0.859
0.952 0.958 0.967
full
tapered 0.125 0.284 0.837 0.938 0.927 0.945 0.870 0.860
T able 20 - Coefficients of Determination for Reverse Airflow Silencers with
Calculated Specific Acoustical Impedance.
geom. 63 Hz 125 hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
straight 0.773 0.949 0.976 0.949 0.975 0.950 0.882 0.318
end
tapered 0.658 0.903 0.937 0.939 0.838 0.941 0.962 0.866
full
tapered 0.439 0.926 0.971 0.941 0.912 0.943 0.875 0.866
APPENDIX 2
REGENERATED SOUND POWER 
COEFFICIENT TABLES
Appendix 2 provides coefficients (C15 C2, C3, C4, C5, C6 ) for equation 
(4.4), coefficients (C15 C2, C3, C4) for equation (4.5), and coefficients (C1, 
C2, C3) for equation (4.6). Appendix 2 also provides the standard deviation 
associated with each regression equation.
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Table 21 - Regression Coefficients for Silencers with All Internal Geometries
and Forward Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 3 . 5 2 7 . 0 2 9 . 2 3 4 . 2 3 0 . 2 2 6 . 8 2 8 . 2 2 2 . 4
C2 1 6 . 9 1 2 . 9 1 6 . 2 1 5 . 2 1 2 . 5 1 5 . 6 2 3 . 6 2 1 . 7
C3 - 0 . 7 - 3 . 3 - 5 . 2 - 5 . 0 - 6 . 0 - 6 . 9 - 1 0 . 5 - 7 . 9
C4 2 1 . 2 2 1 . 1 2 6 . 5 2 2 . 6 1 4 . 3 1 4 . 2 1 8 . 2 9 . 8
C5 1 2 . 0 8 . 6 8 . 5 5 . 5 3 . 2 2 . 8 3 . 0 1 . 7
C6 - 2 0 . 1 - 3 7 . 3 - 4 9 . 0 - 6 7 . 4 - 4 7 . 2 - 3 1 . 7 - 3 4 . 5 - 1 9 . 2
T able 22 - Regression Coefficients for Straight Walled Silencers in Forward 
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 4 4 . 9 5 6 . 1 5 8 . 6 53 . 9 4 0 . 6 1 6 . 2 1 6 . 6 5 2 . 6
C2 5 . 2 - 2 . 4 0 . 1 3 . 7 5 . 7 1 9 . 5 2 8 . 0 6 . 9
C3 0 . 4 - 0 . 4 - 0 . 7 - 1 . 5 - 1 . 9 - 6 . 5 - 7 . 3 1 . 2
C4 - 2 7 . 8 - 4 0 . 2 - 4 2 . 0 - 2 4 . 5 - 1 7 . 0 2 5 . 4 2 8 . 1 - 6 7 . 6
C5 8 . 6 5 . 7 4 . 2 4 . 1 1 . 1 1 . 3 0 . 3 - 5 . 6
C6 - 4 0 . 8 - 73  .6 - 8 3 . 2 - 8 9 . 0 - 5 6 . 5 - 1 1 . 1 - 1 4 . 3 - 5 5 . 2
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Table 23 - Regression Coefficients for End-Tapered Silencers in Forward
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 5 . 3 2 6 . 0 2 4 . 6 3 6 . 2 3 9 . 6 4 1 . 8 4 8 . 8 2 8 . 8
C2 1 7 . 5 17 .9 2 0 . 1 1 5 . 7 8 . 7 1 0 . 6 1 7 . 7 23 . 7
C3 - 0 . 4 - 3 . 3 - 6 . 5 - 4 . 8 - 4 . 4 - 4 . 7 - 1 0 . 6 - 1 4 . 2
C4 0 . 0 1 4 . 3 1 . 4 2 . 4 0 . 0 0 . 0 0 . 0 0 . 0
C5 0 . 0 - 1 . 6 - 1 5 . 5 - 8 . 9 0 . 0 0 . 0 0 . 0 - 1 2 . 4
C6 - 8 . 8 - 2 9 . 7 - 1 2 . 9 - 5 8 . 1 - 6 7 . 6 - 7 1 . 2 - 8 4 . 1 - 2 2 . 3
T able 24 - Regression Coefficients for Full-Tapered Silencers in Forward 
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 2 . 1 2 2 . 5 2 2 . 7 2 4 . 6 2 0 . 1 1 4 . 2 13 .3 4 . 0
C2 1 4 . 2 12 . 6 1 8 . 5 1 9 . 6 1 8 . 2 2 1 . 1 2 8 . 0 23 . 9
C3 3 . 0 - 2 . 1 - 2 . 0 - 1 . 4 - 1 . 0 - 2 . 9 - 3 . 3 2 . 9
C4 13 .6 3 5 . 3 3 2 . 4 1 3 . 8 1 9 . 7 - 1 . 0 5 . 5 43 . 5
C5 1 6 . 1 1 7 . 6 9 . 0 - 5 . 1 2 . 8 - 1 0 . 1 - 5 . 6 2 2 . 4
C6 - 1 3 . 1 - 33  .6 - 3 9 . 7 - 4 1 . 7 - 3 0 . 1 7 . 0 4 . 7 - 2 . 2
I l l
Table 25 - Standard Deviation Associated with each Regenerated Sound
Power Regression Equation in Forward Airflow.
Interna!
3eometr^ 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz
2000 Hz 4000 Hz 8000 Hz
a l l 2 . 7 7 2 . 5 5 2 . 3 2 2 . 1 4 2 . 1 5 2 . 4 6 3 . 1 0 3 . 2 8
; t r a i g h t 1 . 7 0 2 . 3 9 2 . 3 4 2 . 0 6 1 . 9 7 2 . 3 9 2 . 3 3 2 . 3 5
end
t a p e r e d 2 . 6 1 2 . 4 4 2 . 1 7 2 . 0 6 1 . 9 8 2 . 2 0
2 . 5 3 1 . 6 5
f u l l
t a p e r e d 3 . 7 7 2 . 4 4 2 . 2 5 2 . 1 5 2 . 1 0 1 . 9 0
3 . 18 3 . 6 2
Table 26 - Regression Coefficients for Silencers with All Internal Geometries 
and Forward Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 7 . 8 3 3 . 3 3 7 . 3 4 1 . 7 3 5 . 1 3 1 . 8 3 4 . 9 2 5 . 8
C2 1 4 . 4 9 . 8 1 1 . 9 1 1 . 1 9 . 9 1 3 . 0 2 0 . 2 1 9 . 9
C3 0 . 0 0 . 0 - 4 . 5 - 4 . 4 - 5 . 6 - 6 . 6 - 1 0 . 2 - 7 . 6
C4 - 2 0 . 2 - 4 7 . 4 - 5 4 . 6 - 7 3 . 2 - 5 0 . 9 - 3 5 . 6 - 3 9 . 8 - 2 1 . 7
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Table 27 - Regression Coefficients for Straight Walled Silencers in Forward 
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 9 . 1 3 6 . 5 3 8 . 5 4 1 . 4 3 2 . 6 2 6 . 8 2 8 . 8 2 4 . 9
C2 1 3 . 5 8 . 1 1 0 . 7 1 0 . 2 9 . 8 1 3 . 9 2 1 . 5 2 1 . 8
C3 0 . 0 0 . 0 - 3 . 6 - 3 . 1 - 3 . 1 - 4 . 5 - 5 . 1 - 4 . 6
C4 - 2 4 . 6 - 5 7 . 7 - 6 0 . 2 - 7 4 . 7 - 4 7 . 5 - 2 3 . 1 - 2 8 . 3 - 2 2 . 9
Table 28 - Regression Coefficients for End-Tapered Silencers in Forward 
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 5 . 4 33 .7 3 8 . 1 4 5 . 0 3 9 . 6 4 1 . 8 4 8 . 8 3 7 . 4
C2 1 7 . 5 13 . 1 13 .1 1 1 . 2 8 . 7 1 0 . 6 1 7 . 7 1 9 . 0
C3 0 . 0 0 . 0 0 . 0 0 . 0 - 4 . 4 - 4 . 7 - 1 0 . 6 - 1 1 . 6
C4 - 9 . 8 - 4 6 . 7 - 6 3 . 6 - 9 0 . 9 - 6 7 . 6 - 7 1 . 2 - 8 4 . 1 - 5 1 . 7
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Table 29 - Regression Coefficients for Full-Tapered Silencers in Forward
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 0 . 6 2 2 . 2 3 1 . 0 3 4 . 4 2 6 . 8 2 1 . 0 1 9 . 5 7 . 3
C2 1 5 . 7 1 1 . 9 1 4 . 2 1 4 . 6 1 4 . 9 1 7 . 6 2 4 . 3 2 1 . 7
C3 0 . 0 0 . 0 - 7 . 6 - 8 . 0 - 5 . 7 - 7 . 4 - 8 . 2 0 . 0
C4 - 0 . 2 - 1 3 . 2 - 2 9 . 6 - 43  . 4 - 2 5 . 0 - 0 . 2 3 . 4 2 0 . 8
Table 30 - Standard Deviation Associated with each Regenerated Sound 
Power Regression Equation in Forward Airflow.
Interna!
5eomet:n 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
a l l 3 . 43 2 . 9 2 2 . 7 3 2 . 4 2 2 . 2 6 2 . 5 4 3 . 22 3 . 28
s t ra i ght 2 . 0 2  • 2 . 5 7 2 . 4 6 2 . 1 3 1 . 9 5 2 . 3 7 2 . 3 1 2 . 4 1
end
t a p e r e d 2 . 5 8 2 . 5 5 2 . 4 8 2 . 2 0 1 . 9 8 2 . 2 0 2 . 5 3 1 . 8 5
f u l l
t a p e r e d 3 . 91 2 . 5 2 2 . 6 7 2 . 8 6 2 . 4 1 2 . 3 3 3 . 3 0 3 .53
Table 31 - Regression Coefficients for Silencers with All Internal Geometries
and Reverse Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 3 0 . 3 2 6 . 5 2 8 . 0 2 4 . 4 1 8 . 3 2 0 . 7 1 9 . 3 2 1 . 4
C2 5 . 8 3 . 7 6 . 7 9 . 0 9 . 9 1 2 . 3 1 9 . 3 2 1 . 4
C3 - 3 2 . 0 - 2 5 . 8 - 3 1 . 6 - 2 0 . 6 - 0 . 3 - 4 . 9 - 4 3 . 1 - 4 1 . 2
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Table 32 - Regression Coefficients for Straight Walled Silencers in Reverse
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 2 8 . 6 1 6 . 9 1 9 . 5 2 0 . 5 1 7 . 3 2 0 . 7 2 7 . 9 2 5 . 6
C2 5 . 6 6 . 2 1 0 . 6 1 2 . 0 1 1 . 9 13 .7 2 0 . 6 2 2 . 5
C3 - 2 5 . 4 8 . 8 0 . 2 - 5 . 2 4 . 6 - 3 . 5 - 2 9 . 4 - 3 0 . 0
Table 33 - Regression Coefficients for End-Tapered Silencers in Reverse 
Airflow.
c o e f . 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 3 3 . 1 3 8 . 2 3 8 . 9 2 9 . 7 2 2 . 9 2 6 . 4 3 7 . 2 2 8 . 4
C2 6 . 8 0 . 9 1 . 9 5 . 9 8 . 2 1 1 . 6 2 0 . 5 2 4 . 1
C3 - 4 0 . 4 - 6 5 . 7 - 6 9 . 7 - 3 9 . 4 - 1 6 . 0 - 2 4 . 3
oCOini - 3 7 . 4
T able 34 - Regression Coefficients for Full-Tapered Silencers in Reverse
Airflow.
c o e f . 63 Hz 125 Hz 250  Hz 500  Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Cl 3 2 . 2 3 4 . 6 2 6 . 4 2 2 . 9 1 4 . 5 1 2 . 4 32 . 2 3 6 . 8
C2 1 0 . 1 6 . 8 8 . 3 8 . 4 7 . 9 1 0 . 2 1 4 . 4 1 5 . 4
C3 - 4 1 . 7 - 5 5 . 6 - 3 0 . 5 - 1 8 . 3 1 0 . 2 1 9 . 7 - 4 5 . 9 - 7 0 . 3
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Table 35 - Standard Deviation Associated with each Regenerated Sound 
Power Regression Equation in Reverse Airflow.
Interna!
Seometr} 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz
4000 Hz 8000 Hz
a l l 2 . 5 9 3 . 90 4 . 2 8 2 . 9 8 2 . 6 6 3 . 6 7 3 . 81 3 . 51
s tr a ig h t 1 . 6 5 2 . 08 2 . 7 4 2 . 5 1 2 . 9 9 3 . 3 4 2 . 7 2 1 . 7 9
end
ta p e r e d 1 . 9 6 0 . 6 7 0 . 8 5 0 . 9 4 0 . 9 2 3 . 83
4 . 1 6 2 . 7 2
f u l l
ta p e r e d 2 . 2 9 1 . 7 3 2 . 0 1 2 . 0 5 2 . 3 4 2 . 9 7 3 . 95 3 . 6 4
APPENDIX 3 
FLOWCHART
Appendix 3 provides a flowchart for simultaneously solving equations 
(2.31) and (2.33) for kx and kz, and calculating the attenuation constant, a .
1 1 6
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Newton-Raphson Method 
In-(M= 0,kz=0) Out-(kz=kz,)
j=j+l
♦
Newton-Raphson Method 
In-(M= V/c,kz=kz1) Out-(kz=kz2)
♦
Newton-Raphson Method 
In-(M= V/c^z=kz2) Out-(kz=kz3)
T
Error = kz2-kz3
a  = -Imginary (kz3)
Stop
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